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Abstract 

The study of the scattering at high energy of the gauge bosons W and Z, in par- 
ticular longitudinally polarized W and Z, can clarify the mechanism of spontaneous 
symmetry breaking in the Standard Model of the electroweak interactions. Different 
models of strong electroweak sector, based on the effective lagrangian approach are 
briefly reviewed. They include models with no resonance, with scalar resonance, 
additional vector and axial- vector resonances. The effective Lagrangians are de- 
rived from the chiral symmetry of the symmetry breaking sector. Limits on these 
models from existing measurements, mainly LEP and Tevatron, are considered. We 
study also direct and indirect effects of the new interactions at high energy future 
e + e~ linear colliders, through WW scattering and the direct production of these 
new vector gauge bosons. 
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1 Introduction 



The Standard Model (SM) of the electroweak interactions is in good agreement with 
all current experimental results from LEP, SLC and Tevatron. However the mechanism 
which is responsible for gauge boson and fermion masses is still lacking of experimental 
confirmation. It is usually assumed that a scalar field, acquiring vacuum expectation 
value, induces a spontaneous breaking of the symmetry, generating the masses. The 
Higgs field is the remnant of such a mechanism. 

Direct search of the Higgs at LEPI and LEPII has already put a lower limit on its 
mass, M H > 77 GeV There are also upper limits from lattice calculations of the 
order M H ~ 700 GeV [|, tree level unitarity | I H ~ 1000 GeV and Landau pole 
M H ~ 200 — 1000 GeV depending on the new physics cutoff ||. 

The known mechanism for spontaneous symmetry breaking suffers of the so-called 
hierarchy problem. Quantum corrections to the Higgs mass are naturally of the order of 
the highest scale of the theory, then requiring a fine tuning of the parameters in absence 
of some symmetry protecting the Higgs mass. An appealing solution to this problem is 
offered by supersymmetry, because of the cancellation among scalar and fermion loop- 
corrections. 

An alternative approach is suggested in dynamical symmetry breaking schemes like 
technicolor |5|, || ; the Higgs is substituted by a fermion condensate and the SM is thought 
of as an effective theory valid up to the new scale. In this approach the hierarchy problem 
is solved by the natural cutoff given by the new theory. These two different philosophies 
require therefore two different approaches; while predictions of supersymmetric theories 
are mainly based on renormalizable Lagrangians, the predictions of dynamical breaking 
theories are based on non perturbative approaches like effective Lagrangians or strong 
interaction methods. Existing measurements already exclude the simply QCD rescaled 
version of technicolor and suggest that only extensions of the SM which smoothly modify 
it are still conceivable. 

The physics of e + e~ linear colliders has been the subject of intensive work during the 
last years in all its aspects J7|, [ll], II , [12], |13|, [TJ| . The properties of top quark (mass 



and decay), the self couplings of W bosons can be studied with great accuracy. The Higgs 
particle and supersymmetric particles can be explored and therefore we can gain insight 
in beyond the SM. 

In this report we are going to review the general phenomenology at future e + e~ linear 
colliders (LC's) of the strong interactions associated to the electroweak symmetry breaking 
problem. These predictions are derived from models of dynamical breaking which are 
based just on the symmetry structure of the electroweak breaking or its extensions but 
irrespectively of the underlying theory which is responsible for the breaking. Technicolor 
with a chiral symmetry flavor SU(2) ® SU(2) is the simplest example for such dynamical 
breaking. This is a limited point of view. However it allows to get predictions which are 
general enough at least in a class of models of dynamical breaking. 

Model dependent predictions can be obtained when one deals also with the problem of 
fermion masses and theories like extended technicolor (jHJ, walking technicolor [jnj, top- 
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color assisted technicolor |T7[ or noncommuting extended technicolor |]TB[ are considered. 

The study of WW scattering and in particular of longitudinal W can clarify the mech- 
anism of spontaneous symmetry breaking since we know from the Equivalence Theorem 
| I9] that this process is equivalent at high energy to the corresponding Goldstone boson 
scattering. We expect an energy threshold at which WW scattering will become strong 
|3|, |2D| and in principle resonances (WW or technifermion bound states like techni-p or 
techni-u;) can appear. Models for WW interactions have been proposed, using in par- 
ticular the chiral lagrangian technique, taking into account the spontaneous breaking of 
the global symmetry of the Higgs sector SU(2) ® SU(2) to SU(2). Effective Lagrangians 
without new resonances have been built by considering the SM in the Mh — > oo limit 



21, 22] or in the context of technicolor theories based on the same symmetry breaking 



scheme or its generalizations like SU(8) <8> 577(8) to SU{8) [p3| . 

Models for scalar bound states in the W + W~ , ZZ channels, after the pioneering 
papers || p0| , were first considered in p4|, p5] , studying the 0(4) linear scalar model, by 
replacing it with the 0(N) model, studied in the limit of large N for all values of the 
fourlinear coupling A. This is particularly convenient, when considering the large Higgs 
mass regime of the Higgs sector. 

A model describing a new triplet of vector resonances in the W + W~ , ZZ and W ± Z 
channels was also proposed ||26|| . It was derived from the non-linear a- model, based on 
the manifold SU(2) <g> SU(2)/SU(2) and introducing the vector resonances by means of 
the hidden gauge symmetry approach p7|, |28| which is equivalent to the method used 
by Weinberg to describe the p particle in chiral Lagrangians [29]. The model was also 



generalized to include axial-vector bound states |30| . 

In the following we will review all these different models based on the same chiral 
symmetry but with a different spectrum of resonances. 

Two classes of different processes will be considered at future LC's. The annihilation 
processes e + e~ — ► f + f~ and e + e~ — > W + W~ will be in particular relevant if a new vector 
resonance mixed with Z is present. These channels are already important at a LC of a 
center of mass energy of 500 GeV. In principle if LHC has already discovered such a new 
vector boson one can tune the LC energy to study its properties and decays. Otherwise 
the LC can give bounds on its couplings and masses. The other process is the fusion, for 
example e + e~ — > uuW + W~ , and can be used to study WW scattering also in absence of 
new resonances but, as we will see, it requires much higher energy (of the order 1.5 TeV) 
and luminosity. 

Finally let us mention that, as already noticed, the symmetry group can be larger than 
SU(2) l x SU(2)r like in the one family technicolor model based on the chiral symmetry 
SU(8)l x SU(8)r @. In this review we do not extend the phenomenological analysis 
to such models. These models have a rich particle spectrum with new pseudo-Goldstone 
bosons which in principle could be produced at future LC's [|3l"H . 

We do not consider here the study of WW scattering at 77, 7e~and e~e~ options of 
the machine (we refer to [^, |33|] for recent reviews). 

The contents of the paper is the following. We briefly review the features of the 
electroweak symmetry breaking in Section [|. In Section |3] we discuss the chiral lagrangian 
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approach to the electroweak symmetry breaking, considering different models, built in 
terms of the Goldstone fields, and, using the Equivalence Theorem, we study also the 
corresponding amplitudes for the scattering of longitudinal bosons. In Section [| we discuss 
models containing in addition to the Goldstone fields, a scalar bound state which could 
arise from the new strong underlying interaction. In Section |5] we review an effective 
parametrization of the strong electroweak breaking with a new triplet of vector bosons. 
The model is extended in Section |] to describe also axial-vector bound states. Limits 
on these models from LEP, SLC, Tevatron measurements are also studied. In Section [7| 
models with scalar, vector and axial-vector bound states are presented. We then study 
the different processes and observables which can be used at future LC's e + e~, starting 
with the channel e + e~ — > f + f~ in Section |8| and e + e~ — *> W + W~ in Section ^. The 
limits that can be obtained from these processes, by considering the virtual effects of new 
vector resonances are presented in Sections [10] and |TT[ In Section [L2| the strong effects 
from electroweak symmetry breaking are included in e + e~ — > W + W~ through final state 
rescattering and the corresponding limits on WlWl scattering amplitudes are derived. 
In Section [13] we review the effective parametrization for trilinear gauge boson couplings 
and their bounds at future LC's. In Section TA we consider the study of WW scattering 
through the fusion processes e + e~ — > W + W~e + e~ and e + e~ — ► W + W~Vv. The results 
for various models of strong sector are compared in Section |l| and [16|. In Section [17 
we perform a comparison of reach of LC and LHC for different models and in Section 
[18| we make some general conclusive comments. In the Appendix we briefly review the 
technique of non linear realization of a symmetry group G which spontaneously breaks to 
a subgroup H. 



2 Electroweak symmetry breaking 

Perhaps the most important subject of research which has generated a lot of theoretical 
activities and models beyond the SM is the electroweak symmetry breaking. Gauge 
bosons, quarks and leptons get their masses from this breaking. One of the basic feature 
of the standard Higgs sector is the global symmetry of the Higgs potential, which is 
invariant, neglecting the gauge interactions, under the following transformation 

M=(v + H) exp(m a r a fv) -> g L Mg ] R (1) 

with Qi,,r £ SU(2)l,r, v = 246 GeV and r a (a = 1, 2, 3) the Pauli matrices. The vacuum 
expectation value < M >= v breaks the symmetry SU{2)l ® SU(2)r to SU{2)l + r. 
A second feature of the Higgs Lagrangian is, in the standard approach but also in the 
super symmetric one, the renormalizability of the theory in the conventional sense. 

Most of the non supersymmetric extensions of the SM assume that this breaking 
SU(2)l ® SU(2)r to SU{2)l + r is generated by a new confining strong interaction (tech- 
nicolor, metacolor...) and the usual Higgs field is replaced by a bound state fermion- 
antifermion. In theories like technicolor one has a SU(2)l ® SU(2)r chiral symmetry 
acting on the technifermion fields and a technifermion condensate induces a breaking to 
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SU(2)l+r- This dynamical breaking produces three Goldstones n a such that 

<0\Jth b 



i5 ab vp^ 



(2) 

where J a J^ denote the axial currents. By computing the lowest order vacuum polarization 
for the gauge bosons one gets the usual mass matrix in the basis (Wi, W 2 , W 3 , Y) 

(9 2 \ 



M 



1 2 

r 



fr 



V 



-99 

/2 



(3) 



9 

-99' 9' 

This solves only the problem of gauge boson masses and some new mechanism is necessary 
for fermion masses. 

We do not discuss here the problem of fermion masses, and therefore we will consider 
an effective field theory parametrization of the symmetry breaking SU(2)l <S> SU(2)r — > 
SU (2) L+R . In this case the effective field theory approach is the most convenient for work- 
ing out the consequences of this breaking without knowing the new underlying interaction; 
the Higgs sector is now a theory valid up to the scale characterized by the new interaction 
and renormalizability is no longer a requirement for the Lagrangian. Effective Lagrangians 
can be derived using the global symmetry G = SU(2)l x SU (2)r and an expansion in the 
energy Goldstones are described by a unitary field U(x) = exp(m a (x)r a /t>), 

transforming under G as (2,2) or U — » giUg R . The most general chiral Lagrangian is a 
sum of an infinite number of terms with an increasing number of derivatives or equiva- 
lently in terms of increasing powers of energy or momentum. These Lagrangians allow 
for a description of the physics below a cutoff scale A, related to the new underlying in- 
teraction. Effective field theories are not renormalizable in the usual sense (finite number 
of primitive divergences). However at a finite order in the momentum expansion only a 
finite number of parameters is necessary to get a finite result; therefore at low energy only 
the first terms in the expansion are retained and one has definite predictions in terms of 
few parameters (for a recent proof of renormalizability in "modern" sense of effective field 
theory see pTj). 

Applications to the electroweak sector have been considered by different authors pi 
E21E3LBS1. 



3 No resonance models 

In this Section we review the chiral lagrangian approach which allows to study the sym- 
metry breaking sector of the SM. In fact, by making use of the Equivalence Theorem 
fl9H , one can work taking as degrees of freedom the Goldstone bosons, equivalent to the 
longitudinal components of W and Z. 

Experiments, like the measurement of the p parameter at LEPI, suggest the existence 
of a custodial symmetry SU{2) []39| , which guarantees, at tree level, 

0= M w =l (4) 
P Ml cos ^ 14 ) 
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Therefore chiral Lagrangians can be built as non linear cx-models assuming the spon- 
taneous breaking SU(2)l <8> SU(2)ji — > SU(2)l+r- A brief review of the non linear group 
realizations of a group G which breaks spontaneously to a subgroup H can be found 



in Section H9 



At the lowest order, the Lagrangian is given by 
" 2 U „ 1 



4 ' 2 ^ 



6f 2 



[TV G^7T ) — 7T 7T (0» M 7T ) 



+ ■ ■ 



(5) 



Here and in the following we make the identification v 2 = l/(\/2Gp), Gf being the Fermi 
constant. 

This already allows, using the Equivalence Theorem, to calculate the scattering am- 
plitudes for W ± ,Z gauge bosons at high energy, yfs » M\y,Mz, by considering the 
scattering of the corresponding Goldstone bosons 7r ± , 7r 3 . 

We have (symmetry factors for identical particles are not included in the amplitudes) 



Zr.Z 



M{W£WZ 
M{W£W L - 

M(Z L Z L -> Z L Z L 



W+W£) 



A(s, t, u) 

A(s,t,u)+A(t,s,u) 

A(s, t, u) + A(t, s, u) + A(u, t, s) 



(6) 



with 



A(s,t,u) = s/v 2 (7) 

where s = {p\ +P2) 2 , t = (pi—p?) 2 = — s(l — cos6>)/2 and u = (p\ —pi) 2 = — s(l + cos#)/2 
are the Mandelstam variables. Using the crossing property we have also 



M(WtZ L ^WtZ L ) = A(t,s,u) 
M{WtWt - WtWt) = A(t,s,u) + A(u,t,s) (8) 

These amplitudes violate unitarity. In fact, if we define the generic partial wave af, 

1 



a, 



64vr 



Pz(cos0)T J dcos0 



(9) 



where T is the generic isospin amplitude and the Legendre polynomials are normalized 

as 

:S im (10) 



1 1 

P(cos 9) P m (cos 9)d cos 9 = 

1 m + 1/2 



we find that partial wave unitarity is violated at y/s = 1.7 TeV by requiring |a[j| < 1 (at 
= 1.2 TeV by requiring |a°| < 1/2) 0. 
The isospin amplitudes are given by 



rp2 



3A(s, t, u) + A(t, s, u) + A(u, t, s) 
A(t, s, u) — A(u, t, s) 
A(t,s,u) +A(u,t,s) 
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The most general SU(2)l x SU(2)r invariant Lagrangian with custodial 577(2), up 
to the order p 4 , contains two additional invariant terms and correspondingly two more 
parameters «4 and a^. 



£ = —trd^d^U 

+ a 4 tr(d^d u U)tT(d^U j d v U) 
+ a 5 tv(d IJ ,U j <d fl U)tr(d„U t d v U) 



(12) 



The parameters a 4 and 0:5 are related to the analogous parameters L\ and L 2 (in the 
notation in p6| ) by 

a4 = T6^ a5= 16V (13) 
This allows to compute the amplitudes at tree level at the order p 



s A(t 2 + u 2 ) 
A(s, t,u) = — + a A - 

V V 



8s 2 



a 5 - 



(14) 



However terms of order p 4 are also generated when one uses the Lagrangian at one- loop 
level. 

The corresponding result is a sum of the tree and one-loop amplitudes 



A(s, t, u) 



+ 



s 1 
- + - 

V V 



16ttV 

,,2 



4o!4(/i)(t 2 + u 2 ) + 8a 5 (//)s : 



_ ( s + 2t)log - 



6 



I'" 



(- + 2u)log(-^) 



- — log 2 

H 2 



(15) 



where 04 (/x) and cx^fx) are the renormalized coefficients. 

All these amplitudes violate partial wave unitarity. One can however unitarize them 
by using for instance the K matrix prescription |^TJ (see [[42| for applications to WW 
scattering) 

(16) 



.K 



a-i 



1 - iai 

or a different method like Pade approximant [43|| (see [44 for applications to WW scat- 
tering) or N/ D technique. In the Pade technique the unitarized partial wave is built using 
the tree level amplitude and the one-loop one as 



a 



(0) 

1 



1 - al'Va' ' 



(17) 



Both the Pade method and N/D can generate a resonant behaviour. Therefore the 
choice of the unitarization procedure introduces some arbitrariness in the predictions in 
terms of unitarized chiral amplitudes. 
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For a review of different techniques of unitarization see H3 . 

If we allow violations of the custodial symmetry, then the Lagrangian at the lowest 
order becomes 



£ = —Trd^d^U + n 



v 2 l 



[Tr-U^d^U] 2 

P 1 2 J 



and contains p as a new parameter. 

When the gauging of SU(2)l <%> U(l)y is considered, one has a correction to the p 
parameter; the existing measurements of this parameter give 1 — p = — Ap = — (4.1 ± 
1.2) x 10" 3 



The symmetry group is now SU(2)®U(1)y, breaking to U(l) em . From this Lagrangian 

vest ( 

(4- 



one gets the following scattering amplitudes at the lowest order [f|7 

3, s 



M(W£Wl 

M{W£WZ -> 
M(Z L Z L 



z L z L ) 



W£WZ) 
- Z L Z L ) 



p v z 



1 u 

p V 2 





(19) 



The remaining amplitudes can be obtained via crossing. 

If one is interested in the physics of the symmetry breaking sector at energies of the 
order of the mass of the gauge vector bosons then the complete gauge chiral Lagrangians 
have to be used, since the Equivalence Theorem is not applicable. The Lagrangian is now 
built using the Goldstone bosons and the SU{2) L ® U(l)y gauge vector bosons. 

The corresponding Lagrangian is equivalent to a nonlinear gauged er-model, obtained 



simply substituting the usual derivatives with corresponding covariant ones |2T|, [22| 



D,U = (0„ + l -gW;r a )U - '-g'UY^ 



(20) 



and adding all the terms consistent with the symmetry at a given order in the energy 
expansion. The model so obtained is also equivalent at the tree and one-loop level to the 
SM in the limit of infinite Mjj. 

Recent review of chiral Lagrangians can be found in ||8|, f49f| . 

The chiral Lagrangian up to order p 2 , invariant under SU(2)l ® U(l), is given by (we 
follow here PI ) 

£ = V -Tr{D l JJ)\D l JJ) + ^(3 ig 2 v 2 [Tr(TVX - -Y^ - l -TrW, u W^ (21) 



in terms of SU(2)l covariant and U(l)y invariants 



(22) 



and 



Y 



= d^Y v -d u Y^ 

= d,W v -d„W, + ig[W^W v 



(23) 
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The second term of eq. (^Tj) violates the custodial SU(2), and (5\ is related to Ap: 

dig 2 >/•_>. 

Up to p 4 order the Lagrangian is given by eq. (0) and by the following expression 



= ~a l9 g% u Tr(TWn + ~ia 2 g% v Tr(T[V>* , V}) 

+ ta 3 gTr(W^[V», V v }) + a 4 [Tr(U M K)] 2 + a 5 [Tr(^)] 2 

+ a 6 Tr(V ll V u )Tr(TV tI )Tr(TV / ) + oc 7 Tr{V i y li )Tr{TV v )Tr{TV v ) 

+ ^a 8 g 2 [Tr(TWn} 2 + \m 9 gTr{TW^)Tr{T[V^ V v ]) 



+ -a lQ [Tr(TV^)Tr(TV u )f + ail ge^Tr(TV,)TriV u W, 



per J 



(24) 



where a,\, • • • , a%% are arbitrary parameters. All these terms are CP invariant. There are 
also eight CP non invariant terms [|50|j . 

There are already bounds on the lagrangian parameters coming from LEP results. 
These can be obtained using the e parameters [^T| which can be expressed as 

ei = Ap 

s 2 

e 2 = c 2 e Ap + —Ar w -2s 2 e Ak 

e 3 = c 2 e Ap + c 2d Ak (25) 



where 



i-ci 



l 



l 



l 



47ra f 



i/2- 



V2G F Ml 



(26) 



with so = sin^, cq = cos# and a em the electromagnetic fine structure constant at zero 
momentum transfer. 

Now Arw can be obtained by M\y/Mz which is measured at Tevatron. Ak and Ap 
can be obtained by the LEPI, SLC measurements of asymmetries at the Z peak, and the 
Z widths. 

For convenience we give also the relations among the e and the S, T, U parameters 
of H]: 



6l 
£2 

£3 



4s 



U 



a. 



Asi 



-S 



(27) 



Using the chiral Lagrangian, the sum of eqs. (|21|)-(p4]), we get 



£i 

£2 

£3 



2g 2 (3i 

g 2 <y 8 

-g 2 a x 



(28) 
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Considering the experimental values K) 



e l = (4.1 ± 1.2) x 10~ 3 e 2 = (-9.3 ± 2.2) x 10" 3 e 3 = (4.1 ± 1.4) x 1(T 3 (29) 

one can derive limits on /3i, a% and as- A recent evaluation of the S,T,U parameters, 
including loop effects can be found in f54]j . 

The Lagrangian given by eq. (|2l|) and eq. (|4j) contains also triple gauge vertices 
among W, Z and 7. The study of W pair production at LEPII, LHC and LC can allow 
a determination of these parameters. 



4 Scalar resonance models 

The effect of new resonances can be introduced in the scattering amplitudes using Pade 



approximant MM or N/D technique pi. Here we choose to present models based on the 



effective lagrangian approach. 



4.1 The chirally coupled model 



The effective Lagrangian describing a scalar resonance can be built by considering in 
addition to the field U, a scalar field S, which is a singlet under SU (2) L <g> SU (2)#. Then 
the effective Lagrangian at the lowest order is given by ]55 



v 2 

C = —Trd^d^U 



+-kvSTrd^d fl U + ■■■ (30) 
where Ms is the mass of the scalar resonance and 

S2ttv z 

is the width. For k = 1 one has the usual Higgs-Goldstone couplings. Scattering ampli- 
tudes contain now the contribution of the isoscalar resonance 



In the phenomenological analysis 0, |57J Ms = 1 TeV and Ts = 0.35 TeV have been 
chosen. 
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4.2 0(N) model 

One starts with the linear Lagrangian of the symmetry breaking sector of the SM which 
is known to have the SU(2) <g> SU{2) symmetry. Since SU{2) ® 577(2) ~ 0(4) one can 
study an effective scalar Lagrangian based on the symmetry group 0(N) in the limit of 
large N and then consider N = A p4], 25 1. The model has the property to be solved for all 



the values of the four-linear coupling A = Mfj/(2v 2 ), to leading order in 1/N. Proceeding 
in this way one can take into account the possibility of having, in addition to the Higgs, 
a bound state from the strong interacting system. An effective action for its interactions 



with Goldstone bosons and Higgs can be derived [25]. Scalar propagation is described by 



a two by two matrix which is degenerate. One has only a pole given by 

M%[1 + A(M 2 )] — M 2 H = (33) 

where 

A(*) = -^[l-bg(-JL)] (34) 

with fi a renormalization scale of the effective Lagrangian. The location of the pole in the 
complex plane M a evolves from 

M ° = M « [1 ~ 'sJi + 0( i? ) (35) 



for small Mh fv to 



M„ 2 = —H + — I?F (1-^) + 0(^)1 (36) 



for large Mh/v. One of the effects of the strong coupling is to increase the width of the 
Higgs with respect to the width of the Higgs as calculated at the lowest order in the SM. 
The scattering amplitude derived from this Lagrangian is 

A(s, t, u) = -V2G F M 2 H s[s(l + A(s)) - M^ 1 (37) 

In the limit of large Mn one obtains 

A ( s ,t, u ) = 5-0-1 ri 8?r f / nvT ( 38 ) 

8% 2 v 2 — s[l — log(— s/n 2 )\ 

This amplitude is consistent with unitarity up to energies of the order \i. 

5 A vector resonance model 

In this Section we review a model based on a general procedure to introduce vector 
resonances in chiral Lagrangians. The model contains a new triplet of vector bosons and 
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allows to derive their mixings to ordinary gauge bosons W and Z and their couplings to 
fermions. The model can describe as a special techni-p resonance. 

As we have already seen an effective description of the symmetry breaking mechanism 
in electroweak theories can be done in terms of a non linear a-model formulated on the 
quotient space of the breaking of SU{2) L ® SU{2) R — > SU(2) L+R . This is the case when 
considering the limit of a strong interacting Higgs sector (Mjj — + oo). Vector resonances 
can be introduced in chiral Lagrangians following Weinberg or, in equivalent way, by 
means of the hidden local symmetry approach |27[] (see also P8|). The model so obtained, 
when this technique is applied to the electroweak symmetry breaking sector, is called 
BESS (Breaking the Electroweak Symmetry Strongly) [p6fl . 

It is known that any nonlinear cx-model corresponding to the coset space G/H is gauge 
equivalent to a linear model based on the symmetry G g i b a i®Hi oca i. For the construction of 
the BESS model Lagrangian G globa i = G = SU{2) L <g> SU(2) R and H local = H = SU(2) V . 
One introduces the group variables g G G with G = SU(2) L ® SU(2) R 

g = (L,R) (39) 

with L G SU{2) L and R G SU{2) R , which transform under the G ® H group, as follows: 
L -> g L Lh, R -> g R Rh, with g L)R G SU(2) L>R and h G SU{2) V . 
One further introduces the Maurer-Cartan field 

^ = g ] d^g = (tfd^L, tfd^R) (40) 

which can be decomposed into uA lying in the Lie algebra of H, and into the orthogonal 
complement u~t 



^(1*8^ + R%R) 

^(tfd.L-rfd^R) (41) 



Both uA and tu^ are singlets of G and transform under H as 



CO 



h^h (42) 



The non linear cx-model Lagrangian (||) describing the electroweak symmetry breaking 
sector can be easily reconstructed in terms of 



v 2 



C = -v 2 tr{u^u^) = —tr(d^d^U) (43) 



where U = LR^ is a singlet under H. 

Introducing a triplet of gauge bosons V M transforming as 



V M -> tfYJi + h%h (44) 
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under the local group SU(2)v, one can show that the most general Lagrangian, sym- 
metric under G <S> H and under the parity transformation L <-> R, containing at most 
two derivatives, can be constructed as an arbitrary combination of two invariant terms. 
Furthermore, assuming that the gauge bosons of the hidden symmetry become dynamical 



58, 59 , we get 



C 



—v 



tr(u^ + a tr(wj - V M ) 



+^tr[F^(V)F^(V)] 

with a an arbitrary parameter, 

F^(V) = d,V u - d u V, + [V„, V,] 

. // 

and = 2^-V^r a , with g" the new gauge coupling constant. 
The Lagrangian can also be written as 



(45) 



(46) 



C 



4 
2 



TrtpDpL - R ] D^Rf + aTr(L ] D^L + R ] D^Rf 



+_tr[F^(V)F^(V)] 

where we use the covariant derivatives D^L = d^L — LV M , D^R = d^R — i?V M . 
Going to the unitary gauge 



(47) 



L = R ] = exp(— Tx a T a ) 



(48) 



one can derive an effective Lagrangian describing Goldstones and a new triplet of gauge 
vector bosons whose mass is given by 



My = a-g" 2 



(49) 



The scattering amplitudes of eq. @ and eq. (H) , using the Equivalence Theorem, can be 
expressed in terms of 



A(s,t,u) = — (4 -3a) 



«M, 2 



v 



4v 2 



u — s 



+ 



t - s 



t - Ml + iM v T v u - Ml + iM v T v 



(50) 



where Y v is the width of V [E 



T(V tttt) 



V2G F M* (£ 
192tt Ml \g\ 



(51) 
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The unitarity limit of this model, from the J = partial wave, turns out to be 

1.7 TeV 

"3 
1 



E £ U^S^ (52) 



A more stringent bound can be obtained from the J = 0, isospin 2 partial wave |[T 
Notice that the parameter a can be also rewritten in terms of the width as 

i92™ 2 ry 

a = ~^f- (53) 

One can also fully develop the model by including the W, Z and 7 gauge bosons. This 
is simply obtained, by the gauging of the standard SU(2) L ® U(l)y group, substituting 
in (f47|) the ordinary derivatives with covariant left and right derivatives acting on the left 
and right group elements respectively 

dfj,L -> (d^ + WjL 

d„R - (d, + Y^R (54) 

where = ^gW^T a and Y^ = ^g'Y^r 3 , and by adding the standard kinetic terms for 
W and Y 

C kin (W, Y) = _L t r[F^(W)i^(W)] + ^tr[F^(Y)F^(Y)] (55) 

with 

i^(W) = a M w,-^w M +[w M ,w,] 

F^(Y) = d,Y v -d v Y^ (56) 

Due to the gauge invariance of £ we can choose the gauge with L = R = I [^J and 

we get 



2 



c = - v - 

4 



tr(W^ - Y M ) 2 + atr(W„ + Y M - 2V M ) 2 + £ fci "(W, Y, V) (57) 



We have used tilded quantities to recall that, due to the effects of the V particles, they 
are not the physical fields. 

From eq. (|57|) one can easily derive the mass eigenstates and the mixing angles among 
the standard gauge bosons and the new resonances pB . Furthermore, since in the limit 
g" — > 00, the Lagrangian C reproduces the SM gauge boson mass terms, corrections to 
the SM relations come in powers of l/g". 

Finally let us consider the fermions of the SM and denote them by ipL and tJ)r with 

*-(*)•••• (58) 
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They couple to V via the mixing with the standard W and Y. In addition, direct 
couplings to the new vector bosons are allowed by the symmetries of C ||26|| . In fact, 
we can define Fermi fields transforming as doublets under the local group SU(2)y and 
singlets under the global one: xl — L^ipL] an invariant term acting on \l by the covariant 
derivative with respect to SU(2)v can be written. In the L = R — I gauge we get 

+ ^ R% Y(d, + Y^+ % -g\B-L)%)i, R 

+ b4> L ir(d, + V,+ l -g\B-L)Y,)i, L (59) 

where B(L) is the baryon (lepton) number and b is a new parameter. Notice that due 
to the introduction of the direct coupling of the V to the fermions, we have to rescale 
ipL = (1 + &) _1 ^ 2 ^l in order to get a canonical kinetic term for the fermions f26| . 



5.1 Masses and fermion couplings of the gauge bosons 

In the charged sector the mass eigenvalues for the gauge bosons are, in the limit of large 

g", 

Ml = ^ 2 (1 - p M v± = a^g" 2 (60) 
In the neutral sector we have 



M z = > 2 + 9 2 ){i - ( ^ + ; 2) ;,, 2 ) mi = a-r m > 



2 ( n 2 _ /2\2 2 

[9 - 9 ) \ ,,2 V 111 



We also recall the couplings to the fermions which arise from fl59|). The charged 
couplings are given by 

- 2e(a w W- + a v V-)j£ {+) + h.c. (62) 



with 



1 if cos (f) b sin (ft g" ' 



2y/2sg 1 + b \cosip 2 cos ip g 



a 1 1 / sin0 b cos(f) g"\ 



with se = g' J y/g 2 + g' 2 - The mixing angles in the My >> M\y and large g" limit are 

^ = 2s e ^j (65) 
9 
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In the neutral sector the couplings of the fermions to the gauge bosons Z and V are 



e (4 + 7s4) 1^ + e(v S v + lb a f v ) 
where v zv and a^y are the vector and axial-vector couplings given by 

4 = —(AT 3 L + 2BQ ern ) 



- 

v J v 



S2B 

—AT 3 L 

S28 



— (CT 3 L + 2DQ em ) 



S28 
S26 



(66) 



(67) 



where 



A 
B 
C 
D 



cosf 

— 7' 

cos ip 



2 cos£ 



1 + 6)- 1 [l + 6^(l 



tan£ 



cos ip 
sin£ 



1 - 



) 



cos ip 



l + b)- 1 



! sin^ 

1 cos ip 



(1 



tan £ sin ip 
tan# 

1 + 6^(1 + 

cot £ sin ^ \ 
tan# / 



tan 9 sin ^ ' 



cot£ 
tan 6* sin ^ ' 



(68) 



with e = gs e cosip, T 3 = ±1/2 and 



(69) 



Let us now evaluate the partial widths of the V bosons from decays into fermion- 
antifermion and WW. The lepton width of the charged boson is given by 



l \2 



T(V~ -> Iv) = -aM v (a l v ) 



1 y 



while the hadron width is 



T(V- ^q'q) = 3\V qq ,\ 2 T v 



where \V qq >\ are the relevant Kobayashi-Maskawa matrix elements. 
The WZ width is 



(70) 
(71) 



v 2 

®em9vWZ 



X 



48 



1 + 10 



M, 



Ml 



Ml 



3/2 



M, 4 



M^ + M Z \ M^ + M z + lOM^Mf 



+ 



M 4 



(72) 
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where, for large g", 



9vwz 



1 9 



2s e c e g" 



The total neutral width is given by 



it + 3(r y + r y ) + r 



w 

V 



where T v is the sum of all quark-antiquark widths, with 



1 v 



M v a. 



V^em 



v v + a 



(73) 
(74) 

(75) 



V 



M 



v 



48 



2 

idvww 



1-4 



M 



w 



3/2 



My 



M 



IV 



1 + 20 



/M, 



IV 



VMv 



+ 12 



Mi 



M v 



with, for large g", 



9vww 



2s e g" 

For large My and g" from eqs. (|72|) and ([76]), one recovers 
For future calculations we also give the gzww coupling 



(76) 



(77) 



9zww 



tan 9 



3(1- 



2 C 2 



'(-)' 



(78) 



Limits on the parameter space of the model can be obtained by computing the e 



parameters 51, 52 



In the limit of large My we get 62, 53 



C3 








2 V J 



(79) 

oo. To get decoupling, the 



In conclusion the model has no decoupling in the limit My 
limits of g" — > oo and 6^0 have to be taken. 

We can derive restrictions on the BESS parameters by using the experimental data 
on €3. The most recent value for €3 obtained by combining the LEP, CDF/UA2 and SLC 
data (46| is 

e 3 = (4.1 + 1.4) x 1(T 3 (80) 

In order to get these bounds one has to make some assumptions on the radiative 
corrections to the e parameters. By neglecting loop effects of new gauge vectors, and 
assuming for the BESS model the same one-loop radiative corrections as for the SM in 
which the Higgs mass is used as a cut-off A, adding to e 3 given in eq. (|79| ) the contribution 
coming from the radiative corrections (e 3 ) m£ z. corr . = 6.4 x 10 -3 [JR|, (for M# = A = 1 TeV 
and m top = 175 GeV), one gets the allowed region at 90% C.L. in the plane (b,g/g") 
shown in Fig. 1. Therefore the model is strongly constrained. 
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Figure 1: 90% C.L. contour in the plane (b,g/g >; ) for large My in the BESS model from 
LEP/Tevatron/SLC data for m t = 175 GeV. The allowed region is the internal one. 

6 Vector axial-vector resonance models 

A model with vector and axial- vector resonances can be built by considering in addition to 
the global symmetry G = SU{2) L ®SU{2) R , a local symmetry H' = SU(2) L ®SU(2) R and 
unbroken Hp = SU(2), the diagonal subgroup of G' = G ® H' [0O|1 . The nine Goldstone 
bosons, resulting from the spontaneous breaking of G' to Hp, can be described by three 
independent 2x2 unitary matrices L, R and M, with the following transformations with 
respect to G and H' 

L' = g L Lh Ll R' = g R Rh R , M' = h ] R Mh L (81) 

with g L R G SU{2) L R C G and h L R G SU{2) L R C H' . We shall require the invariance 
under the discrete left-right transformation, denoted by P 

P: L^R, M^M^ (82) 

which allows for a low-energy theory parity conserving. 

The most general G' ®P invariant Lagrangian, up to second order derivatives, is given 
by® 

£o = -^/(L MI H^) (83) 

where 

/(L M , R M ) = a x h + a 2 h + a 3 I 3 + a 4 I 4 (84) 
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and by the kinetic terms Ckin for the fields. The terms Jj (i = 1, ...,4) are given by: 

h = ^[(y -^i-^ 2 ) 2 ] 

h = tr[{V + V 2 ) 2 } 
h = tr[(V -V 2 ) 2 ] 

h = tr[V 2 ] (85) 

and 

V£ = L^D^L, Vf = M IV'M. V£ = M^(R^D^R)M (86) 
with the following covariant derivatives 

D^L = d^L — LL^ 
D^R = d^R — RR^ 

D^M = <9 M M-ML M + R M M (87) 

The kinetic term is 

Ckin = -^tr[F^(L)} 2 + -L t r[F^(R)} 2 (88) 

where g" is the gauge coupling constant for the gauge fields L M and R M , 

F^(L) = d^Ly - 0„L„ + [L„, L v ] (89) 

and the same definition holds for F^R). 

The quantities V/ 1 (i — 0, 1, 2) are invariant under the global symmetry G and covari- 
ant under the gauge group H' 

{Vt)' = h{Vfh L (90) 

Using the V- 1 one can build six independent quadratic invariants, which reduce to the 
four Ii listed above, when parity conservation is required. In conclusion the Lagrangian 
is given by 

C = C G + C ki n (91) 

The Lagrangian ( |53| ) can be studied in the unitary gauge 

L = J Rt =eX p( — (l-zWV) M = exp(—-ZTC a r a ) (92) 
2v v 

where 

z = (93) 
a 3 + a 4 

At the lowest order in power series of the Goldstone bosons, one gets the mass terms 
for the vector mesons: 

v 2 

C G = -—[a 2 tr(L M + R^) 2 + (a 3 + a 4 ) *r(L„ - R M ) 2 ] + • • • (94) 
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where the dots stand for terms at least linear in the Goldstone modes. Using the combi- 
nations 

= (L„ + R„)/2 A M = (R^-L M )/2 (95) 

we can rewrite 

C G = -v 2 [a 2 tr(V M ) 2 + (a 3 + a 4 ) tr(A^) 2 ] + ■ • • (96) 
Therefore, if V M = J^-V^r*, A M = ^7L£r a , we get 

M 2 =a 2 ^/ 2 Mi = (a 3 + a 4 )^" 2 (97) 
Again one can compute the scattering amplitudes of eq. (|) and eq. (§) in terms of 

(98) 



with 



it — s t — s 

+ 



t — My + iM v T v u- M y + iMylV 



For generic values of the parameters ai, a 2 , a 3 , a 4 , the Lagrangian £ is invariant under 
G'®P = G®H' '®P. There are however special choices which enlarge the symmetry group 
64| . One of these choices corresponds to a generalization of Georgi vector symmetry . 

The case of interest for the electroweak sector is provided by the choice: a 4 = 0, 
a 2 = a 3 . In order to discuss the symmetry properties it is useful to observe that the 
invariant I\ could be re-written as follows 

I x = -tridnrfdPU) (100) 

with 

U = LM ] R ] (101) 
Therefore the Lagrangian can be rewritten as 

v 2 

C G = —{ ai tr(d^d^U) +2a 2 [tr(D^D^L) + tr^D^D^R)]} (102) 

Each of the three terms in the above expressions is invariant under an independent SU{2)® 
577(2) group 

U' = w L U<J R , L' = g L Lh L , R' = g R Rh R (103) 

The overall symmetry is G max = [577(2) <S> SU(2)} 3 , with a subgroup H' realized as a 
gauge symmetry. 

With the particular choice a 4 = 0, a 3 = a 2 , as we see from eq. (|9"3|) , the mixing 
between and R M is vanishing, and the new states are degenerate in mass. Moreover, 
as it follows from eq. ( |102| ), the longitudinal modes of the L M and R M (or V M , A M ) fields 
are entirely provided by the would-be Goldstone bosons in L and R. This means that the 
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pseudoscalar particles remaining as physical states in the low-energy spectrum are those 
associated to U. They in turn can provide the longitudinal components to the W and Z 
particles, in an effective description of the electroweak breaking sector. 

Since with this choice, from eq. (0), z = 1, this model has (3 = (eq. (p9|)) and 
therefore reproduces at the lowest order the low energy amplitudes of the chiral Lagrangian 
(|5p, as it can be seen from eq. (P8Q. 

We now consider the coupling of the model to the electroweak SU{2) L ® U(l)y gauge 
fields via the minimal substitution 

D„L -> D^L + W^L 

D^R -> D^R + Y^R 

D^M D^M (104) 

where 





= m »r 


% 


~ r 3 
2 








a 

p 2 



(105) 
(106) 



By introducing the canonical kinetic terms for and we get the model [64| called 
Degenerate BESS, since in the large g" limit the new triplets L M and R^ are degenerate 
in mass. 

In the unitary gauge the Lagrangian is 



'" r a 1 tr(W„-Y„) 2 +2a,tr(W„-L„) 2 + 2a 2 tr(Y l ,-R„) 2 +£*'"(W, Y, L, R) (107) 



*km/ - - - — • ^ 1 1 



C km (W, Y, L, R) = _tr[F^(W)F^(W)] + _tr[F^(Y)i^(Y)] 

+ -Ltr[F^(L)F^(L)] + -Ltr[F^(R)^(R)] (108) 

Tilded quantities are used to remind that, due to the effects of the L and R particles, 
they are not the physical parameters and fields. Notice that here we have also used tilded 
parameters for a reason of convenience to be clear in the following. 

The SM relations are obtained in the limit g" ^> g,g'. Actually, for a very large g", 
the kinetic terms for the fields and R M drop out, and £ reduces to the first term in eq. 
(|107|) . This term reproduces precisely, apart the W and Y kinetic terms, the mass term 
for the ordinary gauge vector bosons, provided a\ = 1. The fermions couple to L and R 
via the mixing with the standard W and Y. For simplicity direct couplings to the new 
vector bosons will not be considered here. 

Finally in order to have canonical kinetic terms for the gauge fields we perform the 
rescaling W -> gW, Y -> g'Y, L -> g"L/V2, R -> g"R/V2. 
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6.1 Masses and couplings of the new resonances 

Notice that the degenerate BESS model in the limit of infinite mass of the new resonances 
L M and R M just reproduces the Higgsless SM, provided one redefines 

111111 

Therefore it turns out convenient to reexpress all the physical quantities in terms of g and 
.</• 

The new triplets of vector bosons are denoted by ( y L ± , L 3 ) and (R ± , -R3). 
In the charged sector the fields R remain unmixed for any value of g" . Their mass is 
given by: 

v 2 

M 2 R± = —a 2 g"=M 2 (110) 

In the following we give approximate formulas in the limit M — > 00 and g" — > 00. The 
exact formulas can be found in p4]| . The charged fields W and L have the following 

masses: 

v 2 

M 2 W± = -g\ 

M 2 L± = M 2 (l + 2x 2 ) (111) 

where x = g/g" and g is the £77(2) gauge coupling constant defined in eq. ( |109| ). 
In the neutral sector we have: 

Mz ~ cl 



Ml 3 = M 2 (l + 2x 2 
M 2 Rz = M 2 (l + 2x 2 tan 2 dj (112) 



where tan^ = sg/cg = g' / g and g' is the U(l)y gauge coupling constant defined in eq. 
( |109| ). As already observed for small x all the new vector resonances are degenerate in 
mass. 

The charged part of the fermionic Lagrangian is 

Ccharged = ~ (a W W~ + a L L~) + h.C. (113) 

where 

9 

aw ~ 71 

a L = -gx (114) 

apart from higher order terms in x, and = ip L ^T + Tp L with r+ = (n + zr 2 )/2. Let 

us notice that the R fields are not coupled to the fermions. 
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In the neutral sector the couplings of the fermions to the gauge bosons are 

- + iAh,z» + (v f L3 + l5 a f L3 h»L% + (4 3 + 754 3 b^3^ (115) 

where v* and are the vector and axial-vector couplings given by 

4 = ATf + 2BQ em 

L 
', 

L 



4 = AT 3 
4 3 = CTZ + 2DQ, 

4 3 = cri 



< = ET 3 L + 2FQ 

l R3 



4 3 = ET 3 L (116) 



Notice the different normalization with respect to eq. and eq. (0). In the limit 

M -> oo, x -> 0, 

C = -V2gx D = 

£ = v / 2^— tan 2 ^ F = -E (117) 

In general, the total width of a vector boson 1/ corresponding to the decay into fermion 
- antifermion is 

r{r— = r v + 3(r l v + v v v ) (118) 

where T v includes the contribution of all the allowed quark-antiquark decays. The partial 
widths are given by 

T v = ^F(m}/M v ) (119) 

457T 1 

with 

F(r f ) = (1 - r f Yl\{v v )\l + 2r f ) + (4) 2 (1 - 4r,)) (120) 

and m/ the mass of the fermion. 

Concerning the new charged resonances, only L ± decay into fermions. The leptonic 
width is, neglecting fermion masses, 

T(L- -> ^) = ^a|Mi = T° (121) 

The decay widths into quark pairs is 

T(L- ^q'q) = 3\V qq/ \ 2 T° L (122) 
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In the case of the tb decay, we have, neglecting the bottom mass: 

T(L^bi) = 3\V t ^(l- 3 -r t+ 1 -rf)Tl 



(123) 



where r t = m|/M|. 

For the neutral resonances, in the usual limit, at the order (g/g") 2 , and neglecting the 
fermion mass corrections we get 

2 



-pfermion 
1 L 3 



^fermion 



2V2G F Ml 



w 



7Y 



-r^fermion 
1 L± 



3tt 



w 



IT 



(124) 



The other possible decay channel for a neutral vector boson V is the one corresponding 
to the a WW pair. The partial width is 



v 



My 2 

lQ2n 9vw + w- 



1-4 



2 \ 3/2 , ^ ,4 



My 



M 



w 



X 



1 + 20 



/Mi 



VM, 



+ 12 



M 



M 



(125) 



The other possible decay channel for L 1 * 1 is the one corresponding to a WZ pair. The 
partial width is 



X 



M L 2 
1 + 10 



1 - 



Ml-M: 



w 



Ml 



-4 



M, 



Mr 



3/2 



Ml 



M^Mf, 



, M l , 



+ 



M^ + M| + lOM^Mf 



Ml 



(126) 



The relevant trilinear couplings are, always in the limit of large g", 

gL 3 w+w- 

gn-iW+w- 



gzw+L- 



V M 2 
/- fl^Ml 
~ V 9 c 2 e g»Mi 

g g Ml 



= y/2- 



c e g" M 2 

Using these trilinear gauge couplings we get the following widths: 



(127) 
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tWZ 
1 L± 



(128) 



By comparing the widths of the new gauge bosons into vector boson pairs with those into 
fermions: 



fermion 
L 3 




fermion 
R3 



fermion 
L± 



(129) 



we see that the fermionic channel is dominant due to the multiplicity. 

As already observed, the absence of couplings among U and the states and 
results in a suppression of the decay rate of these states into W and Z. Consider, for 
instance, the decay of the new neutral gauge bosons into W pairs. In a model with only 
vector resonances this decay channel is largely the dominant one. The corresponding 
width is indeed given by 150] 



and it is enhanced with respect to the partial width into a fermion pair, by a factor 



This fact is closely related to the existence of a coupling of order g" among V and the 
unphysical scalars absorbed by the W boson. Indeed the fictitious width of V into these 
scalars provides, via the Equivalence Theorem ]nj, a good approximation to the width 
of V into a pair of longitudinal W and it is precisely given by eq. fll30| ). 

On the contrary, if there is no direct coupling among the new gauge bosons and the 
would-be Goldstone bosons which provide the longitudinal degrees of freedom to the W, 
then their partial width into longitudinal W's will be suppressed compared to the leading 
behaviour in eq. ( [L30|) , and the width into a W pair could be similar to the fermionic 
width. The same argument also holds for the charged case. 

In usual strong interacting models an enhancement of WlWl scattering is expected. 
Due to the previous considerations, this case is quite different. If we study WlWl scat- 
tering the lowest order result violates unitarity at energies above 1.7 TeV, as in the SM 
in the formal limit Mh —>■ oo. So we expect this model to be valid up to energies of this 
order. 




(130) 



(M/M w ) 4 




(131) 
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6.2 Low energy limits 

Again one can get limits on the parameter space of the vector axial-vector model by 
considering the e parameters. For the general model of Section pj, at the leading order in 
the limit of large V and A masses, one gets [B2| 

ei = e 2 = 0, e 3 = (l-z 2 )(g/g") 2 (132) 

The axial-vector resonances contribute with opposite sign with respect to the vector par- 
ticles. This is easily understood by noticing that e 3 can be expressed in terms of the 
combination (II vv — n aa) of the correlators of the vector and of the axial- vector currents 



The parameter z is free. Notice that in the degenerate limit z = 1 all the e vanish (at 
the leading order). One can compute the next to leading order in the expansion p 2 /M 2 
and the result is [Ell 



fi 



4 I 4 
r H r s _9_ j£ 



r 2 

e 2 = ~c 2 e X 

e 3 = -X (133) 

where 

All these deviations are of order X and therefore contain a double suppression factor 
M|/M 2 and {g/g"f. The fact that in Degenerate BESS in the limit M -> oo all the e 
vanish follows from the (577(2) ®577(2)) 3 symmetry. Again, assuming the same radiative 
corrections to the e parameters as in the SM with Mu = 1 TeV, that is [iB| 



ei = 3.65 x 10~ 3 e 2 = -7.10 x 1(T 3 e 3 = 6.38 x 1(T 3 (135) 



and considering their experimental values [IB], one can derive a 90% CL. limit in the 
plane (M,g/g"), given in Fig. ||. 

For low value of M we have also considered the bounds from Tevatron. In Fig. ^| 
we show 95% C.L. upper bounds on g/g" vs. M from LEP/Tevatron/SLC data (solid 
line) and CDF with L = 19.7 pb^ 1 (dashed line). The dotted line corresponds to the 
extrapolation of the CDF bounds to L — 100 pb~ l . 

6.3 Comparison with technicolor theories 

The model of Section ^ (BESS) describes in a rather general way vector resonances; 
therefore it can be specialized to describe the vector resonances of a theory like technicolor. 
The idea of hidden gauge symmetries J27j, in terms of which BESS can be formulated [26 



was successfully used to describe the ordinary strong interacting vector resonances, like p 
etc. [[27f. 



28 



g/g" 

500 



1000 



1500 



0.5 



0.4 



03 



0.2 



0.1 



0.0 



2000 
0.5 



- 0.4 



0.3 



0.2 



- 0.1 



0.0 



500 1000 1500 2000 

M(GeV) 



Figure 2: 90% CL. upper bounds on g/g" vs. M in the Degenerate BESS model from 
the e parameters of eq. ( |133| ) and LEP/Tevatron/SLC data. 
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Figure 3: 95% CL. upper bounds on g/g" vs. M in the Degenerate BESS model from 
LEP/Tevatron/SLC data (solid line) and CDF with L = 19.7 pb~ l (dashed line). The 
dotted line shows the extrapolation of the CDF bounds to L = 100 pb~ x . 
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Technicolor was one of the earliest suggestions |], |5| to provide for an alternative to 
the spontaneous symmetry breaking mechanism of the SM, based on elementary scalars, 
which is considered as theoretically unsatisfactory. The one-doublet model has a single 
techniquark doublet, of charge +1/2 and —1/2 for anomaly cancellation. The one-family 
model has four doublets (3 colors + 1 lepton), anomaly cancellation going as in quark- 
lepton families, with flavor symmetry 577(8) ® SU(8) and SU(Ntc) of technicolor. Tech- 
nifermion condensates break flavor into diagonal SU(8), giving 63 Goldstone bosons, three 
of which provide the W, Z longitudinal degrees of freedom. Generation of masses for ordi- 
nary fermions has led to extended technicolor and is generally associated with difficulties 
because of the limitations on flavor- changing neutral-currents. To solve these problems, 
subsequent proposals have been advanced like walking technicolor fl6f , topcolor assisted 



technicolor fl7| and non commuting extended technicolor Hl8| . Pseudo-Goldstones are 



in general a very sensitive and potentially dangerous feature, expecially in the original 
technicolor models. They are absent in the one-doublet model. However in the one- 
family model some of the 63 pseudo-Goldstones would be low in mass and are expected 
to be produced as charged scalar pairs from e + e~ . Also, virtual pseudo-Goldstones would 
contribute to radiative corrections. The overall technicolor contribution to electroweak 
radiative corrections will however result from a number of effects, among which one of 
the most ambiguous comes from technipions. Therefore, if one realistically believes in the 
full SU(8) ® SU(8) one-family model, or in a more complicated model, one will have to 
qualify all the quantitative statements for technicolor because of the ambiguities related 
at least to technipion masses and calculation of their virtual contributions. A detailed 
analysis under various assumptions can be found in |66 . 



The dynamics in technicolor theories is usually believed to be roughly readable from 
QCD by simply scaling the fundamental scale Aq C d to A TC . In QCD, vector dominance 
has revealed itself to be a useful concept leading to results comparing very well to the 
experimental data. Therefore it is natural to assume that vector dominance works as 
well in technicolor theories as in QCD. In this spirit one can specialize the BESS model 
to technicolor, as taken in a vector dominance approximation. Strictly speaking, BESS 
would correspond to a technicolor model involving a single technidoublet. However we will 
take here the simplest assumption of neglecting dynamical contributions from technipions. 
By doing so one can specialize BESS also to technicolor models involving more than one 
technidoublet. To translate BESS parameters into such technicolor specialization [^7 



we 



recall that for SU(Ntc) of technicolor one scales directly from QCD the techni-p mass 



M PTC = M 



\ 1/2 / 4 X 1/2 

j y « i36) 



where Nj, is the number of technidoublets and Mo is a scale parameter roughly of order 
1 TeV. As repeatedly said, technicolor dynamics is obtained by scaling QCD, so the 
Kawarabayashi, Suzuki, Fayazzuddin, Ryazzuddin (KSFR) relations are supposed to be 
valid also in technicolor. The first KSRF relation for technicolor would read 

9"/PTC = ^NdfTCdpTC^TCKTC (137) 
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relating the 7 — pre coupling to the technipion decay-coupling constant and to the pxc — 
titc — ktc trilinear coupling. This relation is automatically satisfied in BESS, where 



9jv = -\ag"v 2 (138) 
1 

9VlTX = (139) 

with v = y/Wdfrci the decay coupling constant of the Goldstone it. So this relation does 
not impose any condition on the BESS parameters a and g" . On the other hand the 
second KSRF relation, 

M 2 prc = 2N d f TC g 2 pTC ^ TC (140) 
requires a = 2 in the BESS model by using eqs. fl49|) and (|137|) - (|139|) . No restrictions 



are imposed on g" and by comparing the techni-p mass expression ( P-36Q to the BESS 
expression for My, one can establish the following relation between g" and the product 
N TC N d 

„ M rj4~ 

To compare the experimental bounds on BESS with those for technicolor the following 
relation is useful 

9_ = M K f^^ = ^Mv L (142) 
9" M V 6 M PTC 1 ; 

Therefore the upper bound for gjg" can be translated into a lower bound for M PTC . 

In technicolor theories one also expects axial-vector resonances. To translate this part 
in BESS we recall that in the hidden gauge symmetry approach to QCD including axial- 
vector resonances, one should take the parameter z equal to 1/2. This follows from vector 
dominance and Weinberg sum rules. Furthermore one has the Weinberg mass relation 
M\ = 2My. In this case the contribution to the €3 parameter comes out e 3 = 3/A(g/g") 2 . 
Therefore using eqs. ( p9|) and ( |135| ) we get that QCD rescaled technicolor is strongly 
excluded. 

To complete the technicolor translator for this specialized BESS we consider the role 
of the b parameter of BESS, characterizing a direct coupling of V to the fermions as 
described in eq. (|59D . The four-fermion interaction of extended technicolor, of the form 

^ (^toI^tc) (#7^/ L ) (143) 

would induce a similar direct coupling of pxc to fermions, through technifermion loops, 
given by an effective interaction 

1 M 2 

PTC -Ptc-Jl (144) 



A 2 n ' 

11 ETC ypTC^TC^TC 
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Using eqs. ( pE9D and ( |139| ) for the BESS model (a = 2), we find (for small b) 

(145) 



When translating the specialized BESS to technicolor, one sees that b can be interpreted 
as a parameter of extended technicolor, its magnitude being expected to be inversely 
related to the square of the extended technicolor scale. 

7 Generalizations 

A model describing vector, axial-vector and a scalar resonance has been recently proposed 



6q| . This is obtained by adding to the Lagrangian C of eq. (^) the term 

-d»Sd,S--M 2 s S 2 -- 
2 M 2 s 2 



C s = ^Sd^S - -M 2 S S 2 - — 5/(L M , R„) (146) 



where £ is a scalar field singlet under the symmetry group G®H' '®P k is a dimensionless 
parameter and / is given in eq. flS4|). 

The scattering amplitude (|98|) receives an additional contribution 



2 



fcV 1 



u — s t 



M v + iMyYy u — My + /.U r lY 



s-M| + zr s M s 



(147) 



It has been shown that in the limit of low energy with respect to the masses of the 



new resonances the Lagrangian becomes equivalent to the chiral Lagrangian ( |i~2"D with the 
following identification 

{l-z 2 ) 2 kv 2 

«4 = ^^, a * + a * = MI (148) 

Notice that a 4 can be related to the vector resonance width by 

a * = ~mT (149) 



A model based on Adler-Weisberger sum-rules was recently proposed |p9| . It is known 
from strong interactions that all Adler-Weisberger sum-rules can be satisfied by the four 
meson states it, p, a and a\ [p^, [7I| . Weinberg has also shown J72| that this is a result of 



the algebric structure of the broken symmetry and that the zero helicity states of ir, p, a 
and a\ should form a complete representation of the £77(2) ® SU(2) symmetry. Such a 
behavior for the electroweak sector inspired the model f69fl . Eight Adler-Weisberger sum- 
rules are satisfied by a scalar resonance £, a triplet of vectors V, a triplet of axial-vectors 
A and an isoscalar vector uo. The sum-rules are satisfied by the following relations 

M v = M 2 = Mj tan 2 if) + M|(l — tan 2 if)) (150) 
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M\ = J^_M|cot 2 ^ (151) 
sin ip 

2 4 .2,2 4 2 M V 2 , / *i pn\ 

?SW = ^2 Sm ^ = ^2 = — COS V> ( 152 ) 

2 M i 2 , 2 is .\/-;.\/f. . 2 , , iro , 

9asw = ~r cos V Sav W = ^ ( M 2 _ M 2 )2 5111 V> (153) 

where if) is a mixing angle. An effective Lagrangian was built in terms of these fields; 
however many but not all of the relations coming from the sum-rules can be satisfied. 

8 e + e~ —> f + f~ channel 

Before entering into the details of the analysis we briefly review in Table 1 the parameters 
of the proposed e+e" LC's |73|, |T|, [7§, |7|. 



Two distinct approaches have been followed; in the first (JLC and NLC) one has de- 
veloped a design, based on improving the efficiency in using standard copper accelerating 
cavities, in the second (TESLA) one uses superconducting cavities. CLIC project is based 
on beam acceleration by traveling wave structures powered by a superconducting drive 
linac. 

In the discussion of the physics at high energy LC's, we start considering the fermion 
annihilation channels. We would like to analyze the effect of new neutral vector bosons 
from a strong interacting sector in cross-sections and asymmetries for the channels e + e~ — > 
l + l~ and e + e~ — > qq. 

In principle the neutral resonances could be produced as real resonances if their mass 
is known to be below the collider energy by just tuning the beam energies. In this case 
the machine could operate like a Z' factory and the properties of these new resonances 
can be studied with precision by measuring the line shape. 

If instead the masses are higher than the maximum cm. energy, they would give rise 
to indirect effects in the e + e~ — > f + f~ that we discuss below. 
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£(10 33 ) 
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7.1 


4.8 


5.7 


14.5 


10 


grad(MV/m) 


25 


73 


50 


80 


40 


85 


80 


LClength(km) 


33 


10.4 


15.6 


11.2 


33 


18.7 


20.0 



Table 1: Parameters of proposed linear colliders and of their upgrading. £ is the final 
luminosity. 
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The clean environment of e + e~ colliders allows to study these virtual effects. One could 
take into account radiative corrections and in particular initial state QED corrections. 
However one can remove the effect of these corrections by a suitable cut on the photon 
energy E^/E beam < 1 — Mf/s ||77| . We perform first a general study of the observables, 



giving the analytical formulas for cross sections and asymmetries in the case of the BESS 
model or for a new triplet of vector bosons. The case of two triplets can be easily derived 
from these equations and can be found in |64| . 

An analysis of the effect of new vector particles from a strong electroweak symmetry 



breaking sector on the lepton and hadron channels was also done in |78[ • The authors use a 
formalism where the corresponding oblique corrections to cross-sections and asymmetries 
are expressed as once subtracted dispersion integrals. The subtraction constants are 
provided by using LEP results. 

8.1 Observables 

In models with additional gauge vector bosons one usually performs the analysis using 
the following observables: 



o-m R = a h /a" 

^FB ) FB 

Ae + e--+n+i4- j^ e + e -^bb ^e+e'^had (154) 
LB, ' LB, ' LB v / 

with a h (^ the total hadronic (/i + /i~) cross section. A FB is the forward-backward asym- 
metry given by 

A FB = a ~^ (155) 

0"F + VB 

where ctf,b are respectively the cross sections in the forward and backward hemispheres 
of the detector, and A LR the left-right asymmetry 

Alb, = (156) 

ol + CTr 

where ct^r are the cross sections for left and right longitudinal polarization states of the 
incoming electron. 

The total cross section for the process e + e~ — > f + f~ is given by (at tree level) 

2 

o = ^fi j2 \F(h f ,h e )\ 2 (157) 

hf,he 

with a em = e 2 /(47r) and 

, . 1 (v z + h f a f z )(v z + h e a z ) {v f v + h f a f v ){v v + h e a v ) 

h) = S ef + s-M* z + iM z T z + s-M v + lMv T v (158) 
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where hf, h e = ±1 are the helicities of / and e respectively, e/ is the electric charge of 
/ (in units of e pro ton = 1), vzy = v zv anc ^ a z,v = a zvi anc ^ ^zy are the widths of the 
neutral gauge bosons. For instance for the BESS model the couplings are given in eq. 

(0)- 

The forward-backward asymmetry in the present case is given by 

A e + e-^f+f- x (1 - P) E hf , he h f h e \F(h f , Ml 2 + 2PE fe/ h f \F(h f , 1)| 2 

1 + (l-P)E hf , he \F(h f ,h e W + 2PE hf \F(h f ,l)\ 2 [ } 

where x is the detector acceptance (x < 1), and P is the degree of longitudinal polarization 



of the electron beam. In the analysis presented in Section 10 and Section 11 x = 1 is 
assumed. 

The left-right asymmetry is given by 



Eh f ,h e \F(h f ,h e 



The notations are the same as for the forward-backward asymmetry. 



9 e + e — ► WW channel 

In this Section we will consider the WW channel, which is expected to be more sensitive, at 
high energy, than the // channel to effects coming from a strongly interacting electroweak 
symmetry breaking sector. In the case of a vector resonance this is simply due to the 
strong coupling between the resonance and the longitudinal W bosons. Furthermore this 
interaction, in general, destroys the fine cancellation between the 7 — Z exchange and the 
neutrino contribution occurring in the SM. This effect gives rise, for instance in the case 
of the BESS model, to a differential cross-section increasing linearly with s. However this 
is no more true in the Degenerate BESS model due to the cancellation between the vector 
and axial- vector resonances. 

Usually one considers the WW channel, with one W decaying leptonically and the 
other hadronically. The main reason for choosing this decay channel is to get a clear 
signal to reconstruct the polarization of the Ws (see for example |79| ). 

In fact by reconstructing the decay of W pairs one can get information on their helic- 
ities, as shown by the decay angular distributions 



dT/dcos9 ~ <^ 2sin 2 # h w = (161) 




hw — 


-1 


hw = 





hw = 


+ 1 



where we have denoted by 9 the polar W decay angle and by hw its helicity. Simulation 
studies and reconstruction of decay angles of W can be found in |50| . 



Furthermore longitudinally polarized beams will be considered; in fact by selecting 
initial polarized beams one can enhance the final polarization. For instance an initial 
beam produces mostly longitudinal W pairs. 



35 



-1.0 



-0.5 





cos© 



0.5 



1.0 



Figure 4: Angular distributions for W bosons of various helicity in e L e\ — 
differential cross sections are given in units of R = 86.8 fb/s(TeV 2 ) at y'i 



W + W~. The 
= 1 TeV, from 



PI- 



The reaction e L e\ 



W + W~ is shown in Fig. |j. The subscripts 1, —1, L, denote 
the transverse and longitudinal helicity polarization states of a massive vector boson. For 
initial e# the cross section is dominantly WlWl with a rate 1/5 with respect to the WlWl 
cross section shown in Fig. |4] |81| . 



9.1 Observables 

Let us consider first the following observables: the differential cross section and the left 
right asymmetry 

da , , 



dcosQ 



[e e 



>W+W~ 



W + W~ 
, da 



-p)- 



da 



(Pe = -P))l- 



da 



(162) 



d cos d cos d cos 

where is the e + e~ center of mass scattering angle. In the e + e~ center of mass frame 



the angular distribution da /d cos and the left-right asymmetry read [32 



da 



dcos0 



+G lP 2 



{24 
4s 



M 2 W 



+ p 2 sin 2 



t 2 . 



+ 3 



sin 2 © 



w 



sp 

S 



- 2 



M 2 W 



}(163) 
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and 



A LR (cosQ) 



-P 



{2a' w 



M 2 W 



+G 2 p 2 



AS +(3+ SP 



M 2 W 



sin 2 6 



' M 2 \ v 2 
1 + _J£ ] + i 6 



t 



M w 



•^,hr(-) 1 sl 



M w 



'M 2 W 



V 



}/ 



da 



dcosO 



(164) 



where 



p= -^(l-AM^/s) 1 ' 2 



t= M^-- S [l-cose(l-4M^/ S ) 1 / 2 ] 



(165) 



The quantity aw is the veW coupling and is given in eq. (|63| ) for the BESS model. 
Furthermore 



Gl ~ (/) +( ^ + a ^ w ( s -Ml)2 + Mlr| 

+2 J VZ9ZWW (s - M 2 ^ + M 2 T 2 Z 



+ {vl + a 2 v )g 2 vww - 



1 



+2— vygvww- 



S - My) 2 + MyTy 

s-M 2 



[s - M 2 f + M 2 Y 2 V 
-2{vzVy + az a v)9zww9vww 



x 



[S - M 2 )( S - My) + MyVyMyY 



V 



[{a - M 2 f + M$T%)[(8 - M 2 y + M 2 T\ 



(166) 



G[ = a 2 w r 



+9zww(vz + a z )- 



s-M 2 



+9vww{vv + a v )- 



S -M 2 y + M 2 T 2 Z 

s-M 2 
s-M 2 y + M 2 T 2 y' 



(167) 



( e e s-M 2 z e e s-M v 

2 (7 az9zww (s - MlY + MIY\ + 1 av9vww {s - M 2 f + M 2 T 2 y 
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2 1 2 1 

+azv Z 9zww {g _ M | )2 + M | F | + *Wv9vww (s _ M 2 )2 + M 2 T 2 v 

+ (azvv + Vz<xv)gzww9vww 

(s - M 2 z )(s - My-) + M Z T Z M V T V 

X [( S - Ml) 2 + Mfr|][( S - My^ + MyTy)] 



168) 



where gvww and gzww, for the BESS model, are given in eq. ( |77|) and eq. flT8|). 

Assuming that the final W polarization can be reconstructed, using the W decay 
distributions, it is convenient to examine the cross sections for WlWl, WtWl, and WtWt- 
One has |33 

-4(s + 2M^)pv/ss cos 6] sin G 
1 „ 1 



+ 16 Gl Mj Sin 6(S ~ 12SM ^ " 16M ^ : 
+G[ sin 2 ei[p S yi cos ©^(s + 2M 2 W ) 



4M W 



^( S 3 -12sM^-16M^)]} (169) 



= ^{^Wi + c^e ) + 4Mfr(i + c«-e) 

-4(4p 2 + s cos 2 9)pV« cos 6 + 2s(s - 6M^) cos 2 6 - 4sM, 



w] 



2 

+2G lS -^(l + cos 2 6) 
M w 



+2G , 1 ^J[cose(4p 2 + scos 2 e) -2pv^(l + cos 2 0)]} (170) 



TT 



[2a\ v \[s{l + cos 2 9) - 2M^ - 2 Pv ^cos 6] sin 2 6 



<icos6 y's t 

+2G lP 2 sin 2 + G[ =^ [4 Pv ^ cos 6 - 8p 2 ] } (171) 

The left-right asymmetries for longitudinal and/or transverse polarized W can be easily 
obtained as in eq. ( |164| ). 

At LEPII we can add to the previous observables the W mass measurement, coming 
from the e + e~ — > WW channel. 



10 Results for the BESS model 

Let us first discuss the fermion channel. 
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The results we will present are obtained by performing a \ 2 comparison between the 



BESS predictions and the SM ones for the observables Oi discussed in Section |8TT| : 

'Oi-Of M 



x 2 = E 



50i 



(172) 



Following the existing studies of 500 GeV e + e~ linear colliders [Q, ^5] , we present the 
results assuming a relative systematic error in luminosity of 5C/C = 1%, 5eh a drAhadr = 
1%, and Se^/e^ = 0.5%, where Shadr^ denote the selection efficiencies. The same system- 
atic errors for the 1 and 2 TeV machines are also assumed. 

Finally integrated luminosities L = 20 fb^ 1 for y/s = 500 GeV, L = 80 fb^ 1 for 
yfs = 1 TeV, and L = 20 fb~ l for ^/s = 2 TeV have been considered. 

Unfortunately the most sensitive observables are the left-right asymmetries, which 
means that, if the beams are not polarized, one does practically get no advantage over 
LEP from this channel. 

The contours shown in Fig. [| correspond to the regions which are allowed at 90% 
C.L. in the plane {b,g/g"), assuming that the BESS deviations for the observables of 
eq. ( |1 54| ) from the SM predictions are within the experimental errors. The results are 
obtained assuming a longitudinal polarization of the electron P = 0.5 (solid line) and 
P = (dashed line). In Fig. | the energy of the collider is y/s = 500 GeV and the mass 
of the vector resonance My = 600 GeV. It is clear that there is no big improvement with 
respect to the already existing bounds from LEP. Increasing the energy of the machine 
does not drastically change the results. 

All these conclusions become much more negative if one assumes a higher systematic 
error for the hadron selection efficiency. Therefore in conclusions the fermion channel is 
not much efficient in this case. 

Let us then consider the W channel. 

Fig. |6] shows the deviations of the BESS model with respect to the SM for b = 0.01 
and g/g" = 0.04, My = 600 GeV, for the longitudinally polarized W differential cross- 
section at v^i = 500 GeV. The branching ratio for decay of one W leptonically and the 
other hadronically is included. The continuous line represents the BESS prediction and 
the dashed line the SM one. 



The following systematics have been assumed: 5B/B = 0.005 |p7|l , where B denotes 
the product of the branching ratio for W — ► hadrons and that for W — > leptons, 1% 
for the reconstruction efficiency, 1% for luminosity relative errors. An angular cut has 
been imposed on the W scattering angle (| cos0| < 0.95) and 18 angular bins have been 
considered. 

An overall detection efficiency of 10% including the branching ratio B = 0.29 and the 



loss of luminosity from beamstrahlung has been assumed. 

As already noticed [B6H, the bigger deviations are away from the forward region. In 
the longitudinal channel the deviations are much bigger and concentrated in the central 
region. 

For a collider at y^i = 500 GeV the results are illustrated in Fig. [TJ This figure 
illustrates the 90% C.L. allowed regions for My = 600 GeV obtained by considering the 
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Figure 5: BESS 90% C.L. contours in the plane {b,g/g") for ^1 = 500 GeV and M v = 
600 GeV from the fermion channel. The solid line corresponds to polarization P = 0.5 
while the dashed line is for unpolarized electron beams. The allowed regions are the 
internal ones. 
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Figure 6: Differential cross section da/d cos Q(WlWl) for the BESS model for 6 = 0.01, 
g/g" = 0.04 and My = 600 GeV (continuous line) and for the SM (dashed line). The 
error bars are also shown. 
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Figure 7: BESS 90% C.L. contours in the plane (b,g/g") for y/s = 500 GeV and My = 
600 GeV. The dotted line corresponds to the bound from the WW differential cross 
section, the dashed line to the bound from WlWl differential cross section, and the 
continuous line to the bound combining the differential Wl,tWl,t cross sections and 
WW left-right asymmetries. 

unpolarized WW differential cross-section (dotted line), the WlWl cross section (dashed 
line), and the combination of the left-right asymmetry with all the differential cross- 
sections for the different final W polarizations (solid line). We see that measurements of 
cross-sections for polarized W allow to get important restrictions with respect to LEP. 

For colliders with y/s = 1, 2 TeV and for My = 1.2 and 2.5 TeV respectively, the 
allowed region, combining all the observables, reduces in practice to a line and the analysis 
is better discussed in the plane (My, g/g"), as we shall see later on. Therefore, even the 
unpolarized WW differential cross section measurements can improve the bounds. 

In Fig. H we show the restrictions in the plane (My, g/g") for three different choices 
of the collider energy, assuming the same integrated luminosity of 20 fb^ 1 . It is a 90% 
C.L. contour for y/s = 0.3, 0.5, 1 TeV and 6 = 0. The solid line represents the upper 
bound on g/g" from the unpolarized WW differential cross-section, the dashed line from 
the combination of the left-right asymmetry with all the differential cross-sections for the 
different final W polarizations. 

In Fig. |H the 90% C.L. upper bound on g/g" are shown for My = 1.5 TeV and b = as 
a function of the center of mass of the LC for 20/6~ 1 . The lines correspond to unpolarized 
WW differential cross-section (solid), WlWl differential cross-section (dashed), the com- 
bination of the left-right asymmetry with all the differential cross-sections for the different 
final W polarizations (dotted line), all the W and fermion observables (dash-dotted). The 
blacks dots correspond to 80/6 -1 of integrated luminosity. 
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Figure 8: BESS 90% C.L. contours in the plane (M v ,g/g") for yfe = 0.3, 0.5, 1 TeV, 
L = 20 fb^ 1 and 6 = 0. The solid line corresponds to the bound from the unpolarized WW 
differential cross section, the dashed line to the bound from all the polarized differential 
cross sections WlWl, WtWl, WtWt combined with the WW left-right asymmetries. 
The lines give the upper bounds on g/g". 
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Figure 9: BESS 90% C.L. contours in the plane (y/s,g/g") for M v = 1.5 TeV, b = and 
L = 20 fb^ 1 from the unpolarized WW differential cross section (solid line), from the 
WlWl differential cross section (dashed line), from all the differential cross sections for 
WlWl, WtWl, WtWt combined with the WW left-right asymmetries (dotted line) and 
from all the WW and fermion observables with P = 0.5 (dash-dotted line). The black 
dots are the bounds for the unpolarized WW differential cross section and from all the 
WW and fermion observables by considering y/s = 1 TeV and L = 80 fb" 1 . The lines 
give the upper bounds on g/g". 



43 



r v (GeV) 




Figure 10: 90% CL. contour in the (My, IV) plane from measurements of differential cross 
sections and left-right asymmetries; W polarizations are reconstructed from the decay in 
lepton and quark jets. Energy and luminosity are the following: y/s = 360 GeV, L = 
10 fb' 1 (dashed) y/s = 500 GeV, L = 20 fb' 1 (solid) and y/s = 800 GeV, L = 80 fb' 1 
(dash-dotted). The lower narrow solid line is the limit from LEP measurements. The 
upper narrow solid line is obtained by considering the deviation with respect to the SM 
prediction and assuming the LEP errors for the corresponding observables. 



In Fig. TO the regions in the parameter space (My, Ty) which can be probed at 



yfe = 360 GeV, L = 10 fb' 1 (dashed), = 500 GeV, L = 20 fb' 1 (continuous) 
and y/s = 800 GeV, L = 50 fb' 1 (dot-dashed) by measuring Wl,tWl,t differential cross 
sections and left-right asymmetries are shown. The lower narrow solid line is the limit from 
LEP measurements. The upper narrow solid line is obtained by considering the deviation 
with respect to the SM prediction and assuming the LEP errors for the corresponding 
observables. 

For instance for y/s = 500 GeV, one is sensitive for My = 2 TeV to Ty > 250 GeV, 
for My = 1.5 TeV to Ty > 60 GeV, in agreement with Barklow results 



In conclusion measurements of cross sections with different final W polarizations at a 
LC with y/s~ = 500 GeV improve LEP bounds up to My ~ 800 GeV. At y/s = 800 GeV 
the sensitivity exceeds the LEP bound for all values of My. 

This is a more conservative result with respect to ^8| and mainly because the 
BESS model takes into account the mixing of the new vector bosons to the usual 7, W 
and Z gauge bosons and as a consequence LEP bounds have to be considered. 
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Figure 11: Degenerate BESS 90% C.L. contours on the plane (M, g/g") from e + e _ at 
yfs = 500 GeV with an integrated luminosity of 20fb~ 1 for various observables. The 
dash-dotted line represents the limit from a h with an assumed error of 2%; the dashed 
line near the latter is (error 1.3%); the dotted line is Ap B (error 0.5%); the uppermost 
dashed line is A b FB (error 0.9%). The continuous line represents the combined limits. 



11 Results for the Degenerate BESS 

In this Section we present an analysis done for the model with two new resonances, vector 
and axial- vector degenerate in mass (Degenerate BESS model). As already observed the 
model evades the LEP bounds and therefore low masses are still allowed for these new 
resonances. 

With respect to the previous analysis where the WW channel is the dominant one, 
here the fermion channel is much more relevant. 

The comparison with LEPI bounds shows that LEPII do not improve considerably 
the existing limits 

To further test the model the following options for a high energy e + e~ collider have 
been studied: yfs = 360 GeV with an integrated luminosity of L = 10/6 -1 , y/s = 500 GeV 
L = 20/&" 1 , y/s = 800 GeV L = 50 and ^ = 1 TeV L = 80/&" 1 . 

In Fig. [Il]the 90% C.L. contour on the plane (M,g/g") from e+e" at y/s = 500 GeV 
with an integrated luminosity of 20/6 -1 for various observables are compared. The dash- 
dotted line represents the limit from a h ; the dashed line near the latter is a 11 , the dotted 
line is Ap B and the uppermost dashed line is A b FB . It is evident that more stringent 
bounds come from the cross section measurements. Asymmetries give less restrictive 
bounds because of a compensation between L 3 and R$ exchange. By combining all the 



deviations in the previously considered observables we get the limit shown in Fig. 11 by 
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Figure 12: Degenerate BESS 90% C.L. contour on the plane (M, g/g") from e + e~ at 
\fs = 500 GeV with an integrated luminosity of 20fb~ 1 and a polarization P = 0.5 for 
various observables. The dash-dotted line represents the limit from A^ LR with an assumed 
error of 0.6%; the dashed line is A\ R (error 0.4%); the dotted line is A b LR (error 1.1%). The 
continuous line is obtained by combining the polarized and the unpolarized observables: 
<r h , a^, Ap B , A b FB , Al R , A h LR , A h LR . 
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the continuous line. 

Polarized electron beams allow to get further limit on the parameter space as shown 
in Fig. |12| The error on the measurement of the polarization has been neglected and the 
polarization P = 0.5. The dash-dotted line represents the limit from A^ R , the dashed 
line from A\ Rl the dotted line from A LR . The bound shown in Fig. ^ by the continuous 
line is obtained by combining all the polarized and unpolarized beam observables. In 
conclusion even without polarized beams a substantial improvement with respect to the 
LEP bound is obtained. 

As expected, increasing the energy of the collider and rescaling the integrated lumi- 
nosity result in stronger bounds on the parameter space (the comparison of different LC's 
results is made in Section |T?D . 

Let us finally consider the WW final state. 

An angular cut has been imposed on the W scattering angle (|cos0| < 0.95) and 
18 angular bins have been considered. An overall detection efficiency of 10%, including 
the branching ratio B = 0.29 and the loss of luminosity by beamstrahlung have been 
assumed. 

All the new bounds coming from the WW channel do not alter the strong limits 
obtained from the fermion final state. This is because, as already noticed, the degenerate 
model has no strong enhancement of the WlWl channel, present in the usual strong 
electroweak models. 



12 Final state rescattering 



A different approach [|9T], |86| has also been presented. It consists in considering the effects 
of a strong interacting electroweak sector through final state rescattering. The final state 
W rescattering is described making use of the Omnes function Ft: 

M(e + e- -> W£W£) = M (e + e~ -> W£W£)F T (173) 

where 

F T = ex V [- ds'6(s'){ - 1 , - -}] (174) 

7T JO S — S — 16 S 



with 8 the phase shift depending on the dynamics. For instance Barklow has consid- 
ered 

1 s 3vr r , (s- M v \ in . . 

5 s = qTT- + T tanh IFT^ + ^ ( 175 ) 

907T V z 8 \ Myi V ) 

where My and Yy are mass and width of the vector resonance. 

Note that for infinite My one recovers the Low Energy Theorem (LET) results. 

A full final state helicity analysis on e + e~ — > W + W~ was done [|8£| by considering one 
W decaying hadronically and the second one leptonically. The following multidifferential 
cross section has been considered 

dcr(cos 6, cos 9, (ft, cos 9, 0) (176) 
d cos Qd cos 9d(pd cos 9d<\> 
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Figure 13: 95% C.L. contour for RcFt and ItuFt for y/s = 500 GeV and predictions for 
various techni-p masses, from 



where the angle G is defined to be the angle between the initial state e~ and the W~ in the 
e + e _ rest frame, 9 and the polar and azimuthal angles of the fermion fx in the W~ rest 
frame (W~ — > j \j '2), 9 and the polar and azimuthal angles of the antifermion f± in the 
W + rest frame (W~ — *> fzfi)- These five angles are reconstructed by measuring energies 
and angles of decay leptons and quarks. The masses of the two W are reconstructed 
by a kinematic fit of the momentum of the lepton P/ and the four momentum of the 
hadronically decaying W, (Eh,Ph), with 



and 



Eh + Ei + 



11) 



(177) 



(178) 



where Ei is the lepton energy. 

Two cuts are imposed: | cosG| < 0.9 in order to ensure the event to be within the 
detector, and the W + W~ invariant mass is required to be within few GeV of the e + e~ 
center of mass energy. 

A maximum log likelihood analysis is performed and the contour for the real and 
imaginary parts of Ft are shown in Figs. [13], [TJ]. Beamstrahlung, bremstrahlung and 
finite W width effects are included. 

Figure [13] shows the 95% C.L. contour for the real and imaginary parts of Ft at 
y/s = 500 GeV. Also indicated are values of Ft for various techni-p masses. We see 
that the LC at y/s = 500 GeV can exclude techni-p masses up to about 2.5 TeV and 
can discover techni-p resonances with masses of more than 1.5 TeV. The significance of 
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Figure 14: 95% CL. contour for RcFt and ImF? for y/s = 1.5 TeV and predictions for 
various techni-p masses, from 



the 1.5 TeV techni-p signal would be 6.7a. A 1.0 TeV techni-p would produce a 17.7a 
signal. Notice that these values for the masses of the resonances are already excluded by 
the LEP results if one assumes a QCD rescaled technicolor. 

In Fig. [L4|the chosen parameters are \fs = 1.5 TeV with 190 fb^ 1 . The contour about 



the light Higgs value is a 95% CL. contour; the contour about the point, corresponding 
to the technicolor with M p = 4 TeV, is a 68% CL. contour. 

The non-resonant LET point is well outside the light Higgs 95% CL. region and 
corresponds to a 4.5<r signal. 

The results are obtained assuming Ty/My = 0.22. However they are not much de- 
pendent on this assumption. In this model, when the vector resonance mass is taken to 
infinity, its effect on the form factor decreases and what is left behind is the residual scat- 
tering predicted by the LET. The values for high-mass techni-p indicate this decoupling. 
A 2 TeV techni-p would produce a 37a signal. 

A similar analysis was done also in [B9|j. These authors consider again a phase shift 



corresponding to a vector resonance and investigate the cross section with suitable cuts 
to enhance the ratio WlWl to WtWt- Using the cut cos 6 < 0.95 they study the ratio 

R _ iV(-0.95< cos6 < cos go) 



A^(-0.95 < cos0 < 0.95) 



choosing Bo = 0.67T. This last cut enhances the WjJWl signal as it is clear from the 
differential distribution of Fig. |j. Therefore with an integrated luminosity of 10/6 -1 they 
find that a vector resonance of My = 1 TeV and Ty = 54 GeV gives a 6a effect already at 
y'i = 500 GeV and that even without the final state helicity analysis it can be discovered. 
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A similar analysis was done in using y/s = 500 GeV and L = 50 fb 1 ; with this 
choice the sensitivity to My exceeds 2 TeV. 

13 Anomalous trilinear gauge boson couplings 

Another interesting sector of gauge boson interaction is given by the triple gauge boson 
vertices. Observing deviations of these vertices with respect to their SM values can give 
some hints of new physics. 

We review in this section the effective parametrization for anomalous gauge boson 
couplings and their measurements at future LC's. 

The most general CP invariant effective Lagrangian describing such terms can be 



written as [93 
1 



Cwwv = igYiW+W-PV" -W; y W + »V») + ik v W+W;V^ 



9wwv 

+ ijpW+W-" p V»> + gIe^»°[WZ{ d p W~) - {d p Wi)W-\V (180) 

where V = 7 or Z, W% = d^Wf - d v W±, V± = d p V± - d u V±. A denotes the scale of 
the new physics responsible for the symmetry breaking. 
The couplings gww-y and gwwz are given by 

9ww~i — ~ e 9wwz = —e— (181) 

with sq defined in eq. (|26|). It should be noted that in general these new couplings, 
that we assume as constants, are momentum dependent form-factors. In the SM one has 
g\ = k v = 1 and g\ = Xy = 0. 

The magnetic dipole moment jiw and the quadrupole moment Qw of the W are given 

by 

6 6 

^ W = ( 1 + k i + A 7)> Qw = -jjr( k ~f ~ a t) (i 82 ) 

ZM W M w 
Using eqs. (plf) and (|4j) one finds 

z 1 9 2 R , 9 2 4 g 2 

9i - 1 = — Pi + — — oi\ + —a 3 

c 28 CqC26 C g 

9] - 1 o 

k z -l = — P1 + -2 — oc 1 + g 2 -^(a 1 - a 2 ) + g 2 (a 3 - a 8 + a 9 ) 

c 28 C d C2e c d 

— 1 = g 2 ( — Oil + 0(2 + OJ3 — «g + OJ9) 

z 9 2 
9 5 = -jan 

c e 

gl = A z = A 7 = (183) 
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In the previous expressions there are also contributions coming from gauge boson two 
point functions. 

In the literature there is also a second parametrization |j94| . Assuming CP invariance 



and for the electromagnetic interaction also C invariance, one has [[54|] 
C = -ie{[(W-W + "-W+W-")A* + {l+xjF^W+W;] 

+ (- + 6 z )[(w-w +v - w; v w- v )z» + (i + T ^)z^w;w-\ 

+ ^-d a Z pa (d p W- a W +a - d p W~ a W +CT + (a «-> a)) (184) 



where 



Z pa — -6p aa pZ al3 (185) 



The conversion is given by (assuming in eq. ( 180|) A = M\ 



x 7 = Afc 7 5 Z = —Ag\ x z = — (Ak z - Ag\) y 7 = A 7 y z = — \ z (186) 
se s e ' s e 



with 

AA; 7 = k 7 - 1 Ak z =k z -l Agf =gf-l (187) 

For what concerns the last term of eq. ( |180| ) and eq. (|184Q the comparison is less simple, 
because the two operators are of dimension four and six respectively and therefore a q 2 
dependence appears . 



The best present limits on anomalous couplings come from hadron collider experi- 
ments. Preliminary CDF and DO results using Wj, WW and WZ production give 95% 



C.L. bounds on the parameters which are of order unity |96|, |97|. LEPII can improve 
these bounds to O(10 _1 ) [|9£| by considering the process e + e~ — > W + W~ with three main 
topologies: those in which both W decay hadronically, in which one decays hadronically, 
the other leptonically, and in which both decay leptonically. Anomalous couplings can be 
measured from the multidifferential cross section (|176[) by using a maximum likelihood 
method. This analysis has been also repeated for future LC's, by considering events with 
| cos 9 1 < 0.8 and the topology in which one W decays hadronically, the other leptonically 



9~4] , P5] , |9~9"| , |100| , rUTL |102| . The common result is that one can reach precisions of O(10 



-3> 



at a LC of y/s = 500 GeV especially if beam polarization is available. 

In a recent work the analysis of the anomalous trilinear gauge couplings | |10^| | has been 
performed by considering at the same time also fermion anomalous couplings, because in 
general there are strong correlations. The corrections to the fermion couplings, assuming 
universality, are parametrized in terms of the €3 parameter (in many models the SU(2) 
symmetry guarantees £1 = €2 = 0) and therefore existing bounds on €3 give also limits on 
anomalous fermion couplings. 



A recent review on anomalous gauge couplings is given in [104 . 
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14 Fusion subprocesses and vector resonances 



Another mechanism to produce W + W~ pairs is the fusion of a pair of ordinary gauge 
bosons, each being initially emitted from an electron or a positron. This process allows 
to study WW scattering and therefore possible strong interacting electroweak breaking. 
This was first investigated in |105|, [106], [T07|, [10| . 



In the so called effective W approximation the initial W, Z, 7 are assumed to be real 
and the cross section for producing a W + W~ pair is obtained by a convolution of the 
fusion subprocess with the luminosities of the initial W, Z, 7 inside the electrons and 
positrons. There are two fusion subprocesses which contribute to produce W + W~ pairs. 
The first one is 

e+e" -> W£ T W£ tT e + e~ (188) 

It is mediated by W ± and V ± exchanges in the t and u channels. The second fusion 
subprocess is 

e + e" -> W£ iT W£ ;T vv (189) 

It is mediated by 7, Z and V° exchanges in the s and t channels. Both processes get a 
contribution from the gauge boson fourlinear couplings. 

In principle, the fusion processes are interesting because they allow to study a wide 
range of mass spectrum for the V resonance for one given e + e~ cm. energy. 

In the e + e~ center-of-mass frame the invariant mass distribution da/dM ww reads 

' -\M{VW^W+W U )\ 2 (190) 



V ^M 2 WW - Ap 2 T 

where pt is the transverse momentum of the outgoing W, t = M^ w / s, p and p' are the 
absolute values of the three momenta for incoming and outgoing pairs of vector bosons: 
p = (Ej - Ml) 1 / 2 = {El - M 2 ) 1 / 2 and p' = (V^W/2)(1 - AM^/Mww) 1 / 2 with E { the 
energy of the vector boson Vi with mass Mj and helicity U. The structure functions / 
appearing in the previous formula are 

+ a em [(v + a) 2 + (1 - x) 2 (v - a) 2 ] s 

f {x) = 17 * log W 2 

a em [(v - a) 2 + (1 - x) 2 {v + a) 2 ] s 

f {x) = 17 * log W 2 

ff x ) = ^(rf + a 2 )^^. (191) 

7T X 

and represent the probability of having inside the electron a vector boson of mass M with 
fraction x of the electron energy. In eq. ( 191 ) v and a are the vector and axial- vector 



couplings of the gauge bosons to fermions. We present here the results for the BESS 
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model. For the photon, v = —1 and a = 0; for Z, v = v z and a = a z as given in eq. QS7D; 
and, for W 7 , t> = a = as given in eq. (|63|). The quadrilinear couplings are 



2 4 j. //2 

e cos g . 4 

gwwww — . 2 n — 5^ "I — 7~ 8m ^ 
sin y cos z ^ 4 

e 2 #" 2 
flfwwzz = — h—9 2 zww + ~r sin2 sin2 £ cos2 ^ 



a" 2 

<?w W77 — e cos + — - sin sin *0 = e 

#" 2 

0WWZ7 = e 2 ^ W w sin 2 sin £ sin ^ cos t/> (192) 



with gzwiv as given in eq. ( ff8|) and the mixing angles £, ^ and in eqs. (|69|), (pBj) and 
The amplitudes of the vector bosons scattering processes within the BESS model are: 



s - M| 

■Hjnwiw[2(ei ■ e 4 )(e 2 ■ e£) - (ei • e 2 )(e3 ■ e 4 ) 
-(6i-6*)(e 2 -e:)] (193) 



M( 7l72 ^W 3 + W 4 -) = -ze 2 — -J— + ( t ^u 



M, 



2 

IV 



-^w 77 [ 2 ( e i " e 2)( e 3 • e l) - ( e i • e s)( e 2 • 4) 

~(ei ■ el)(e 2 ■ e* 3 )] (194) 



m( 7i z 2 -> iy 3 + iy 4 -) = -ieWr4r + (^ 11 



-igwwz-r[2(.ei • £2)^3 " e D - ( e i • e 3)( e 2 • 4) 

-(d •<*)(<*•<*)] (195) 



M(Z X Z 2 - W+WZ) = -ie 2 g 2 zwwT -j^- 

- te2 9vww t _ M 2+ lTvMv + (*-«) 

-«3wzz[2(ei • e 2 )(eg • e 4 ) - (ei • e 3 )(e 2 • e 4 ) 
-(d-6:)(e 2 -e*)] (196) 



53 



where 



fa = [(ei-e2)(P2-Pi)A-2(e 1 -p 2 )e2A + 2(e 2 -pi)e 1A ] 

M ■ <)(jPs - P4) A - 2(el • p 3 )ef + 2(e* • n )ef] (197) 

and /t can be deduced from f s with the substitution p 2 <-> — ^3 and e 2 <-» eg, while 

^ = [2(e 1 -p 3 )e3 A -(e 1 -e*)(p 3 +Pi)A + 2(pi-e*)e 1A ] 
•[2(e 2 ■ p 4 )el x - (e 2 • e2)(p 4 + p 2 ) A + 2(p 2 • el)e x 2 ] 

■ 4)(P\-Vl){e2 ■ <M-vl)lM* w (198) 



and h u can be deduced from h t with the substitution p 3 <-> p 4 and 63 <-» e 4 . 



In eqs. ( |193H196| ) gzww and gvww are given in eq. (f78|) and ( |77| ) respectively and T 



v 



is the width of the resonance. 



For comparison, the amplitudes within the SM can be obtained from eqs. (193 



196|) by taking all the trilinear and quadrilinear vector boson couplings in the limit 



g" — > 00 and 6^0 and adding the contribution due to the Higgs boson exchange. 
All the non-annihilation graphs contributing to the processes e + e _ — > W + W~e + e~ and 
e + e~ — ► W + W~vv (at the order a 2 em ) in which the final W's are emitted from the electron 
(positron) legs are not considered. This is because their contribution is expected mostly 
in a kinematical region different from the one in which ~ My/. This is the typical 
momentum of a longitudinal W radiated by an initial electron or positron. 

The result of the analysis for the BESS model is that there are not significative 
differences with respect to the SM differential cross section in the case of the process 
e + e~ — > W + W~ e + e~ . This is due, first of all, to the absence of the s channel exchange 
of the V resonance, secondly, to the dominance of the 77 fusion contribution, and to the 
fact that in the BESS model the couplings of the photon to the fermions and to W + W~ 
are the same as in the SM. 

Concerning the process e + e~ — > W + W~h , V, the differential cross sections da/dM ww 
both for the SM with Mh = 100 GeV and for the BESS model have been evaluated 
108| , |109|| . The only channel which turns out to be useful is the one corresponding to 



longitudinally polarized final W's. The results of the analysis are illustrated in |108| , |109 
for two different choices of the BESS parameters. 

In both cases cuts are not applied except for (px)min — 10 GeV. 

Although theoretically there is a clear difference between the curves of the two models, 
the experimental situation is quite different. 

Let us first consider the case of ^/s = 1.5 TeV. By integrating the differential cross 
section for 500 < Mww{GeV) < 1500 and considering an integrated luminosity of 80 fb^ 1 
one obtains 127 Wl pairs for the SM and 158 for the BESS model (with My = 1 TeV, 
g" = 13 and b = 0.01) corresponding to a statistical significance S/\^B of 2.7. By 
considering, for comparison with other calculations, the higher luminosity of 200 fb^ 1 
this ratio becomes 4.4. In this analysis the branching ratio BR(W — > jj) in final dijets is 
not taken into account. 
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The case of a resonance with My = 1.5 TeV, g" = 13 and b = 0.01 has been considered 
for an energy of 2 TeV and by considering an integrated luminosity of 20 fb~ x . By 
integrating the differential cross section for 1000 < Mww(GeV) < 2000 one gets 7 Wl 
pairs for the SM and 13 for the BESS model corresponding to a statistical significance of 
2.3 (which increases to 7.2 by considering 200 fb^ 1 ). 

The channel corresponding to transverse-longitudinal final W's leads to a very small 
bump in the region of the resonance above the SM backgrounds which is not observable. 

In conclusion this analysis shows that it is possible to discover new vector resonances 
from the fusion process at high energy LC's, but a high luminosity of the order 200 fb~ x 
is required, in agreement with the results of [Q. 

15 Fusion: comparison of models 

A more detailed analysis, taking into account not only the W + W~ — > W + W~ but also 
W + W~ — > ZZ, and considering a more accurate choice of cuts and also the dijet mass 
resolution in W, Z — > jj was done in [Q. The authors study not only the vector model, 
but also the chirally coupled scalar (CCS) model of Section [4~T| , the LET model, given 
by the simplest chiral Lagrangian and using K matrix unitarization, and the SM Heavy 
Higgs model. The calculations for the last two models were done from the complete SM 
and defining the signal as the excess with respect to the case of Mh = 0. Calculations for 
the CCS and the vector models were done using the effective W approximation. 

While in studies at LHC it is necessary for identification of W and Z to consider 
their leptonic decays which have small branching fractions, at LC's W and Z bosons 
are detected via the dijet mode and identified using the invariant masses M(W — > jj), 
M[Z — > jj) with an identification probability of the order of 75% for WW and 60% for 
ZZ. 

Concerning the background coming from 

e + e- -> ZW + W~ -> vvW + W~ (199) 

it can be reduced using the so called recoil mass or the invariant mass of all the final 
particles excluding WW. The recoil mass spectrum has a peak at Mz, and therefore a 
cut as M rec > 200 GeV suppresses this background. 

To isolate WW scattering at high energy, the authors of require also high invariant 
mass Mww, high transverse momentum Pt(W), and a large angle with respect to the beam 
axis: 

M ww > 500 GeV, p T {W) > 150 GeV, | cos6(W)\ < 0.8 (200) 
The remaining major background comes from 

e + e~ -> e + e~W + W~, e + e~ZZ, e ± vW T Z (201) 

where the final state electron disappears along the beam pipe. 
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Figure 15: Signal and background events versus the diboson invariant mass in the channel 
e + e~ — > uuW + W~ for 200 fb^ 1 and yfs = 1.5 TeV. The dashed curve denotes the SM 
with Mu = 1 TeV, the solid one the SM with Mh — > oo (LET); the dot-dashed curve 
denotes the vector model with My = 1 TeV and T v = 30 GeV, the dotted curve the 
total background. The CCS model is close to the SM with M# = 1 TeV, from . 



This is reduced through the following cuts (at ^fs = 1.5 TeV) 

50 GeV < p T (WW) < 300 GeV, 20 GeV < p T (ZZ) < 300 GeV (202) 
and a veto on hard electrons 

no e with E > 50 GeV and | cos6> e | < cos(0.15 rad) (203) 
The results for the collisions at y/s = 1.5 TeV are presented in Fig. |l|, 16[ The 



branching fractions BR(W -> jj) = 67.8% and £#(£ -> jj) = 69.9% and the W, Z 
identification /miseidentifications factors are included. The results summarized in Table 
2 show that in order to have a statistical significant signal one needs a high luminosity 
(200 fb- 1 ). 

The authors find a 5.7 a signal for LET amplitudes in the ZZ final state, and 22 a in 
the WW channel for the vector model with My = 1 TeV and Ty = 30 GeV (This would 
correspond to a BESS parameter g/g" = 0.08). 

At the LC it is interesting to consider also the effect of polarization. The results, 
assuming initial e\ and e^, are listed in Table 3. 

In conclusion W + W~ — ► W + W~ and W + W~ — > ZZ channels are sensitive to different 
dynamics of the electroweak breaking. Signals are enhanced at \fs = 2 TeV colliders and 



at fi + u colliders |57|] 
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Figure 16: Signal and background events versus the diboson invariant mass in the channel 
e + e~ — > vvZZ for 200 and y/s = 1.5 TeV. The dashed curve denotes the SM with 
Mh = 1 TeV, the solid one the SM with Mu — ► oo (LET); the dot-dashed curve denotes 
the vector model with My = 1 TeV and T v = 30 GeV, the dotted curve the total 
background. The CCS model is close to the SM with Mh = 1 TeV, from |HH . 



Channels SM (M H = 1 TeV) CCS (M s = 1 TeV) V (M v = 1 TeV) LET 



S(e+e~ -> Pz/W^W 7 ) 160 160 46 31 

B 170 170 4.5 170 

S/VB 12 12 22 2.4 

S(e+e~ -> z/z/ZZ) 120 130 36 45 

B 63 63 63 63 

S/v^B 15 17 4.5 5.7 



Table 2: Total number of WW, ZZ signal and background at =1.5 TeV and 
integrated luminosity 200 fb^ 1 . Events are summed over the mass range 0.5 < 
M ww {TeV) < 1.5 except for the vector case V (0.9 < M ww {TeV) < 1.1). 
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Channels SM (M H = 1 TeV) CCS (M s = 1 TeV) V (M v = 1 TeV) LET 



S(e+e" -> vvWW) 330 320 92 62 

B 280 280 7.1 280 

S/\/B 20 20 35 3.7 

S(e+e~ -> wZZ) 240 260 72 90 

B 110 110 110 110 

S/v^B 23 25 6.8 8.5 



Table 3: Total number of WW, ZZ signal and background at y/s = 1.5 TeV and 
integrated luminosity 200 fb^ 1 with 100% polarized beams. Events are summed 
over the mass range 0.5 < M ww (TeV) < 1.5 except for the vector case V (0.9 < 
M ww (TeV) < 1.1). 



16 Measuring chiral parameters 

At energies below the new resonances, vector boson scattering amplitudes can generally 
be described, as we have already seen, by electroweak chiral Lagrangians. 

For a LC with center of mass energy of y/s = 1.6 TeV and an integrated luminosity 
of 200 fb' 1 the sensitivity on the chiral parameters and a$, defined in eq. (0), has 
been recently investigated ||110|| . The processes e + e~ — > W + W~vv and e + e~ — > ZZvv 



have been considered, by performing a complete calculation which includes all relevant 
Feynman diagrams at tree level, without relying on the Equivalence Theorem or the 
effective W approximation. The following set of optimized cuts as in have been 
applied to the WW channel 

|cos0(W)| < 0.8 
150 GeV < p T {W) 
50 GeV < p T (WW) < 300 GeV 
200 GeV < M inv {vp) 
700 GeV < M inv {WW) < 1200 GeV 

The lower bound on pt(WW) is necessary because of the large W + W~e + e~ background 
which is concentrated at low pt if both electrons disappear into the beampipe. The 
window 700 GeV < M inv (WW) < 1200 GeV is used to avoid regions of possible violation 
of unitarity. For the ZZ final state the same cuts have been applied except for p™ m (ZZ) = 
30 GeV. Hadronic decays of the W + W~ pairs and hadronic as well as e + e~ and 
decays of the ZZ pairs have been used. 

From this analysis in the case of a LC with center of mass energy \fs = 1.6 TeV and 
an integrated luminosity of 200 fb~ l with polarized beams (90% for electrons and 60% 
for positron) one gets a 4 < 0.003 and a 5 < 0.002 at 91.7% C.L. 
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17 Comparison LC - LHC 



Complementarity of LC and LHC has been already advocated referring to different aspects 
of the electroweak symmetry breaking problem ||111 , [75], |112| , T4| . We perform here a 



critical discussion of the results that can be obtained at future LC's and LHC on strong 
electroweak sector. 

Let us first consider the case of models for strong electroweak sector with no resonance 
or with a new very heavy scalar resonance. Then one can measure the chiral lagrangian 
parameters given in eq. (|T2|) . 

By rescaling the result ||110|| from the channels e + e~ — > vvZZ and e + e~ — > e + e~W + W~ 
to 100 fb~ l and longitudinal polarization P = 0.8 one gets [ 113 1 a 5 < 1.8 x 10~ 3 at 95% 
C.L. to be compared with 0:5 < 3.5 x 10~ 3 at 95% C.L [ |114|| from the reaction qq — > qqZZ 
at LHC, using the scheme of cuts of CMS ||115 . 



This can be translated, using eq. ( |148| ) , in a lower limit on the scalar resonance 

M s (TeV) > 1.8 @ LC(E = 1.6 TeV, L = 100 fb' 1 ) M s (TeV) > 1.6 @ LHC (204) 

Therefore to get a result which is comparable or better than LHC, one needs a high energy 
and luminosity LC. 

In presence of new vector resonances the annihilation channels are much more efficient 
than the fusion ones because all the center of mass energy is used to produce the new 
particles. 

The result for the BESS model has already been shown in Fig. [TO on the plane 
(My,Ty). The comparison between LHC and LC is shown in Fig. 
(6, g/g") for a LC of ^ 



17j on the plane 
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500 GeV and L = 20 fb~\ assuming M v = 1 TeV flTTB] . The 
dotted line corresponds to the 90% C.L. bound from the WW differential cross section, 
the dashed line to the bound from WlWl differential cross section, and the continuous 
line to the bound combining the differential Wl,tWl,t cross sections and WW left-right 
asymmetries. The dot-dashed line represents the bound from LHC. The allowed regions 
are those between the lines. The bound from LHC is obtained by considering the total 
cross section pp — > W ± ,V ± — > W ± Z — > /iz/ / u + / u _ and assuming that no deviation is 
observed with respect to the SM within the experimental errors: a systematic error of 5% 
and the statistical one have been considered. 

The above channel is for LHC the more efficient one in the case of a vector resonance 
strongly coupled to longitudinal W. LHC can discover new vector resonances in a large 
region of the parameter space up to masses My = 1.5 — 2 TeV in the channel pp — > 
W ± , V ± -> W ± Z |T?l [lf|, |TT8[ H]. If such a 2 TeV resonance is not found at LHC 
then an upgrade of the LC to ^/s = 800 GeV and L = 50/6 -1 can be very effective 
in getting bounds on the parameter space of the model, as shown in Fig. [18], where 
90% C.L. contours in the plane (b,g/g") for My = 2 TeV are presented ||116|| . The 
bounds come from the same observables as in Fig. [H] at a LC of \/s = 800 GeV and 
L = 50 fb~ l . Again the dot-dashed line corresponds to the bound from the total cross 
section pp -> W ± , V ± -> W ± Z at LHC. 
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Figure 17: BESS 90% C.L. contours in the plane (b,g/g") for M v = 1 TeV. The dotted 
line corresponds to the bound from the WW differential cross section, the dashed line from 
WlWl differential cross section and the continuous line from the differential Wl,tWl,t 
cross sections and WW left-right asymmetries at a 500 GeV LC. The dot-dashed line 
corresponds to the bound from the total cross section pp — > W ± , V ± — > W ± Z at LHC. 
The allowed regions are the internal ones. 
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Figure 18: Same as in Fig. O for M v = 2 TeV and a 800 GeV LC with L = 80 fb' 1 . 
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Figure 19: Degenerate BESS 90% C.L. contour on the plane (M, g/g") from e + e~ at 
different values: the dash-double dotted line represents the limit from the combined 
unpolarized observables at ^/s = 360 GeV with an integrated luminosity of L — 10 fb^ 1 , 
the continuous line at \/s = 500 GeV and L = 20/6 -1 , the dashed line at \/s = 800 GeV 
and L = the dotted line at ^ = 1000 GeV and L = 80/V 1 . The dot-dashed 

line represents the limit from LHC. 
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i,z,v 



W + W suffers of severe background 



The neutral channel at LHC pp 
from tt production. 

Nevertheless the new neutral vector bosons can be studied at LHC by considering 



their lepton decay up to masses of the order 1 TeV [ [119 . 

Notice that while LHC is more sensitive to the charged new vector bosons, the LC is 
sensitive to the neutral ones (at least in the annihilation channels). 

As a general conclusion it seems that for models of new vector resonances, if one is 
able to reconstruct the final W polarization, the measurement of polarized e + e~ —> WlWl 
gives strong bounds on the parameter space of the model. 

In the case of the model with vector and axial-vector resonances degenerate in mass 
(degenerate BESS), LHC is sensitive to the new particles in the channels pp — > W ± , L+- — > 
\w and pp — > 7, Z, L 3 , R 3 — > ji + n~ up to masses of the order 2 TeV as shown in Fig. 
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The bounds are obtained by assuming no deviations with respect to the SM in the 
total cross section pp — > W , L — > \lv within the experimental errors: a systematic 
error of 5% and the statistical one have been considered. The limits are compared with 
those coming from LC's in Fig. [19] |116 [. The double dot-dashed line represents the 
limit from the combined unpolarized observables at y/s = 360 GeV with an integrated 
luminosity of L = 10/fe" 1 ; the continuous line from yfs = 500 GeV and L = 20/6 -1 ; the 
dashed line from y/s = 800 GeV and L = 50/6 -1 and the dotted line from yfs = 1000 
GeV L = 80/6 -1 . The dot-dashed line represents the limit from LHC. Therefore to 
be competitive with LHC one has to consider a LC of still higher energy than those 
considered. 

The statistical significances of strong symmetry breaking signals at the LC and LHC 
are summarized in Table 4 from 111 1 2 . 



Collider 


Process 






C 


My 


M H 


LET 








(TeV) 


(fb- 1 ) 


1.5 TeV 


1 TeV 




LC 


e + e~ — > 


w + w~ 


.5 


80 


7(7 






LC 


e + e~ — > 


w+w- 


1.0 


200 


35(x 






LC 


e + e _ — > 


w + w~ 


1.5 


190 


366a 




5a 


LC 


W+W~ 


-> zz 


1.5 


190 




22a 


8a 


LC 


w~w~ 


-> w~w- 


1.5 


190 




4a 


6a 


LHC 


w + w~ 


-> w + w- 


14 


100 




14a 




LHC 


W+W+ 




14 


100 




3a 


6a 


LHC 


w + z - 


► w+z 


14 


100 


7a 







Table 4: Statistical significance of strong electroweak sector at LC and LHC, from | |112| | 



The LHC results are taken from the ATLAS design report [|118|| . If an entry is blank it 
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means that the process is insensitive to the corresponding model or that the analysis has 
not been done. An electron beam with 90% left-handed polarization has been assumed. 
For both the LC and LHC results it was assumed that My = 1.5 TeV and T v = 0.33 TeV. 

For vector resonances a LC with y/s = 500 GeV and L = 80 fb^ 1 has the same 
sensitivity as LHC. 

At a LC with ^/s = 1500 GeV the effects of a strong interacting sector becomes more 
relevant even if the WW channel is not resonant. 

Notice however that systematic errors have largely been ignored both for the LHC and 
for the LC. 

18 Conclusions 

In this paper we have reviewed some theoretical aspects for a strong interacting elec- 
troweak sector and its phenomenological consequences. Different models of strong break- 
ing, all based on the common assumption of a chiral symmetry breaking SU(2)l <8> 
SU{2)n — > SU(2)l+r, but with a different content of particles (Goldstones, spin one 
vector and axial-vector resonances, scalars) have been surveyed. These models are built 
using the effective lagrangian approach which makes use of the chiral symmetry and of 
an expansion in the energy. Bounds from already existing measurements have been taken 
into account by computing the effects beyond the SM on the corresponding observables. 
Since the Goldstone scattering amplitudes are at high energy equivalent to the corre- 
sponding scattering of longitudinal components of W and Z gauge bosons, the scattering 
of these gauge bosons at future colliders in principle can give access to the mechanism 
of electroweak symmetry breaking. In this review we have considered how future e + e~ 
linear colliders can investigate this phenomenon. Different channels have been studied: 
the annihilation processes e + e~ — > f + f~ and e + e _ — > W + W~ are in particular relevant 
if a new vector resonance mixed with Z is present. These channels are already important 
at a LC of a center of mass energy of 500 GeV for a new resonance up to masses of the 
order of 1 TeV. In principle if LHC has already discovered such a new vector boson, one 
can tune the LC energy to study its properties and decays. Otherwise the LC can give 
bounds on its couplings and masses. The process e + e~ — > W + W~ is particularly relevant 
because, using the topology in which one W decays hadronically and the other leptoni- 
cally, the angular distributions of the W can be measured and therefore the corresponding 
W polarization reconstructed. In this way one has access to WlWl scattering. 

The fusion processes e + e" — > vvW + W~ and e + e~ — > vvZZ can be used to study 
WW scattering also in absence of new resonances but, as we have seen, for this much 
higher energy (of the order 1.5 TeV) and luminosity (200 fb' 1 ) would be required. One 
can reach a 5.7 c signal for LET amplitudes, 12 a for the CCS with Ms = 1 TeV and 
T s = 0.35 TeV, and 22 a for the vector model with My = 1 TeV, T v = 30 GeV. 

All these processes are suitable for neutral vector bosons. LHC is complementary 
because it is more efficient for the channel pp — > W ± ,V ± — > W ± Z — > when 
the new vector resonance is strongly coupled to longitudinal W. LHC can discover new 
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charged vector resonances in a large region of the parameter space up to masses My = 
1.5 — 2 TeV. The neutral channel pp — > 7, Z, V — > W + W~ suffers of background from 
tt production, nevertheless the new neutral vector bosons can be studied at LHC by 
considering their lepton decay up to masses of the order 1 TeV. 

In the case of the model with vector and axial-vector resonances degenerate in mass, 
LHC is sensitive to the new particles in the channels pp — > W ± ,L ± — > \w and pp — > 
7, Z, L 3 , R 3 — ► /i + yU~ up to masses of the order 2 TeV. To be competitive with LHC one 
needs to consider a LC with a cm. energy of the order 1.5 TeV. 

Finally let us mention that the symmetry group can be larger than SU(2)l x SU(2) r 
like in the one family technicolor model based on the chiral symmetry SU(8) l x SU(8)r 
||. In this review we have not considered such models. These models have a rich particle 
spectrum with new pseudo-Goldstone bosons which in principle could be produced at 
future LC's. Their phenomenology has been for instance considered in [ |120| , |121| , |122| , |123|| . 
Furthermore we have not considered the 77 and the e^ options of LC's (see for example 
[52], |55| for recent reviews). 



19 Appendix 

The most simple description of the symmetry breaking in the SM is obtained by con- 
sidering a 2 x 2 unitary matrix field U, satisfying U*U = 1. This field transforms as 
U — > gJJg R under the group SU(2) L ® SU(2) R and describes the spontaneous breaking 
SU{2) L (g) SU{2) R — > SU{2) L+R . This corresponds to the infinite Higgs mass limit in 
the SM. In this non linear realization of the symmetry breaking no Higgs is left in the 
spectrum. Due to the condition WU — 1 the symmetry is non linearly realized. 

We will therefore briefly review this technique of non linear group realization of a 



group G which breaks spontaneously to a subgroup H [g0[ . 

Let G be a compact, connected and semisimple Lie group of dimension n and H 
a subgroup. Let us denote by Vi (i = 1, . . . ,n — d) the generators of H and by Ai 
(I = 1, . . . , d) the remaining generators. Every group element g G G can be decomposed 
as 

g = e ^ A e u - v (205) 

where £ • A — &Ai and u ■ V = UiV, and u and v are real parameters. For every element 
go G G one has 

go e^ A = e?- A e u '- y (206) 

where £' = £'(£,g Q ) and u' = u'(£,g ). 

Let D denote a linear representation of the subgroup H 

h: tfj^ D(h)ip (207) 

then the transformation 



g : £^£', ^^D(e u '- V )^ (206 
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gives a nonlinear realization of G. In fact if 

g ie Z' A = e S"- A e u "- v (209) 

then 

g l9 ^ A = e«"- V'"^ (210) 

with 

e u»>.V = e u"-V e u>.V (2n) 

Since D is a representation 

D(e u "'- V ) = D(e u "- v )D(e u '- v ) (212) 

If go = h G H then 

e^ A ^he^ A h-\ t/j -> (213) 

and the symmetry is linearly realized. 

There is a special case in which the transformation on £ can be simplified. This is the 
case in which the group has a parity like transformation P : g — > -P(g) such that 

V -> V, A -> -A (214) 



Applying this operation to eq. ( |206| ) one gets 

POto)^ = e-*'- A e u '- v (215) 
and combining eqs. ( |206| ) and ( |215| ), 

^PiSo 1 ) = ^'^ (216) 

One can easily verify in this form that the transformation on £ is a realization of the 
group which becomes linear when restricted to the subgroup. 
In the case we are interested, G = SU(2)l (g> SU(2)r 

9 =( L ° R ) (217) 



with L(R) G SU{2)l(r). Furthermore 



V l = Tl + T R = l (^ °j, A^ = T L -T R = i[^ °.j (218) 

A parity transformation P exists, P: L R, and using eq. ( |216j ) one has the following 
transformation properties 

/exp(z£V) \ (L 0\/exp(z£V) \ ( R) \ 

^ exp(-^V); \0 Rj\ exp(-i£V)A J { ' 
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Therefore one can construct the Lagrangian using the field exp(i£ • r) or introducing the 
usual normalization U(x) = exp(in a (x)T a /v), transforming under G as (2,2) or U — > 
9LUg\i, g L{R) e SU{2) L(R) . 
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